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ABSTRACT

Context. The second XMMNewton serendipitous source catalogeaM, provides the ideal data base for performing a statistical
evaluation of the flux cross-calibration of the XMNewton European Photon Imaging Cameras (EPIC).

Aims. We aim to evaluate the status of the relative flux calibratbthe EPIC cameras on board the XMNewton observatory
(MOS1, MOS2, and pn) and investigate the dependence of tlieataon on energy (from 0.2 to 12 keV), position of the smmg in

the field of view of the X-ray detectors, and lifetime of thession.

Methods. We compiled the distribution of flux percentagéeiences for large samples of ‘good quality’ objects detbati¢h at least
two of the EPIC cameras. The meaffiset of the fluxes and dispersion of the distributions was thend by Gaussian fitting. Count
rate to flux conversion was performed with a fixed spectral@hdthe impact on the results of varying this model was irigastd.
Results. Excellent agreement was found between the two EPIC MOS enterbetter than 4% over the entire energy range where
the EPIC cameras are best calibrated (0.2-12.0 keV). Wedfthat MOS cameras register 7-9% higher flux than EPIC pn béléw
keV and a 10-13% flux excess at the highest energie$.§ keV). No evolution of the flux ratios is seen with time, egtat the
lowest energiesg 0.5 keV), where we found a strong decrease in the MOS to pn étig with time. This &ect is known to be
due to a gradually degrading MOS redistribution functiohe Tlux ratios show some dependence on distance from theabpkis

in the sense that the MOS to pn flux excess increases ithxeés angle. Furthermore, in the 4.5-12.0 keV band theressang
dependence of the MOS to pn excess flux on the azimuthal-aHghse results strongly suggest that the calibration oReféection
Grating Array (RGA) blocking factors is incorrect at higheegies. Finally, we recommend ways to improve the calcutedf fluxes

in future versions of XMMNewton serendipitous source catalogues.

Key words. Instrumentation: detectors — Methods: statistical

1. Introduction higher than pn fluxes (see Stuhlinger et al. 2008), and has bee
shown to have both time and energy dependence. For details on

ESAs XMM-Newton observatory (Jansen et al. 2001) w P ; :
launched in December 1999. XMMewton carries on boardagirﬁmger?tel?glofzcggg XMMnewton science instruments see

three identical Wolter type 1 telescopes with 58 nestedamirr In thi K | le of dinit X
shells. At the focal plane of each mirror there is a European ' WIS WOrK We US€ a farge sampie of serendipitous A-ray
urces to study the flux cross-calibration of the EPIC camer

Photon Imaging Camera (EPIC) that records images and sp%% . . X .
tra of celestial X-ray sources (Striider et [al. 2001; Tureter as a function of various parameters. We investigated the per

al.[2001). Two of the cameras use front-illuminated EPIC—SB/Ioform"]m.Ce of the EPIC instruments by Caffying out a systamati
(Metal-Oxide Semi-conductor) CCDs as X-ray detectorse{heran""lys"S Of. th? camera-tp—c;amera flux ratio fc_)r alarge numbe
after, MOS1 and MOS2), while the third camera uses an EPIEQurCtiS V;’('mMgﬁg\fnqu?.l;% X-ra\;//vdata n varlc;ﬁs ?Inergy than
pn (p-n-junction) CCD (hereafter, pn). EPIC has a field-igfav overd be the EPIC on liretime. I'e c:)mpare be duxes mea-
(FOV) of 30 diameter, moderate energy resolution and can ﬁgre y the cameras | ent energy bands covering

operated in various observational modes related to theotgad e entire energy range from 0.2 keV to 12.0 kev, f_o_r Sources
in each mode (Kendziorra et al. 1997; Kendziorra ef al. 1998¢tected at dierent epochs and detected atefient positions in

Kuster et al[1999; Ehle et 4l. 2001). The two telescopes wi e field of view. In this way we can investigate how instrumen
the MOS cameras at the focal plane have a Reflection Grat effects such as the detector quantuiicéency, point spread

Spectrometer mounted behind the mirrors (RGS, den Herded@{ction (PSF) and mirror vignetting functioffect the relative
al.[2001). The incident light is split roughly 50%:50% beéme flux calibration of the EPIC cameras. This is an important€om

plement to studies based upon bright targets, which areseace
the-ﬁisa%gglmgirfgrpeel;ié calibration of the XMN&wton ily restricted to the central CCD of the MOS cameras. Theroute

instruments has been monitored and studied since launeiseTHOS CCDs are operated exclusivelyfnllFrame mode (i.e.
studies are mostly based on detailed spectral analysesgoit br® FimeFulliiindow mode) which has a pile-up threshold of 0.7
‘calibration’ targets that have been observed regularl}( M- oty

Newton. The relative flux calibration of the EPIC cameras is

known to be better than 7% on-axis, with MOS fluxes being' See the on line XMMNewton User Handbook
http://xmm.esac.esa.int/external/xmm_user_support/

Send offprint requests to: sm279@star.le.ac.uk documentation/uhb/
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For this analysis we have used the sources in the second
XMM- Newton serendipitous source catalogwXMM (Watson
et al.[2008).2XMM is the largest catalogue of X-ray sources
compiled to date, containing more than 240 000 sources, and [ . ]
therefore provides the ideal data base to conduct this study i "5 1
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in 2XMM: 0.2-0.5 keV, 0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV and
4.5-12.0 keV.

This paper is organised as follows: §2 we give a short “D“@aj@nnp@@ . Dn%r@;; e n o .
description of the source detection procedure used to dempi TR mﬁ%ﬂf aq%@ P o
the 2XMM catalogue §2.1) and present the criteria for selection - ®_ o
of sources for this analysi§Z2.2). In§3 we explain the approach I ’
used to calculate the fluxes of the objects. The main restilts o
this work are presented 4 and discussed i§5. Finally, the

conclusions are summarised§6. [ ) \ .
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2. The XMM-Newton data Fig.1. MOS1 to pn flux ratio as a function of pn number of

) _counts (background subtracted) in the 4.5-12.0 keV eneagyg b
In order to carry out our analysis we used the 3491 obsenatio

included in the second XMMNewton serendipitous source cat-

alogue 2XMM. The catalogue contains observations from XMMa|gorithm. Smoothed background maps for each camera and en-
Newton up to re_volut|0n 1338 and mcludes_ all the main MOSrgy band are produced by tBaS taskesplinemap which per-
and pn observing modes. Only observations that were pyBrms a spline fit on the source-free images, after maskinglou
licly available by 2007 May 01 are included in the catal@uesources detected hshoxdetect. Eboxdetect is run for a sec-
2XMM contains 246 897 X-ray source detections (sources with gAd time using the background maps produceddyl inemap,
EPIC 0.2-12.0 keV detection likelihooe6) of which 191870 \hich increases the sensitivity of the source detection.
are unique X-ray sources. Extended sources comprB¥ The final source lists and source parameter estimation are
of the detections. The data was processed with the XMMptained with theSAS task emldetect. Emldetect performs
Newton Science Analysis Softwar@£s v7.1.65) and a con- a3 maximum likelihood fitting of the distribution of counts of
stant pipeline configuration. This guarantees that we hawrg-a sources detected bgboxdetect with the instrumental point
form data set. spread function (PSF) over a circular area of 8&dius centred
at the source positions. The fitting is performed using aléaéd
energy and position dependent PSF. In additteidetect car-
ries out a fit with the PSF convolved with a beta-model profile
The source detection algorithm used to mak&MM, in order to search for sources extended in X-rays. The free pa
eboxdetect-emldetect, is run on the three EPIC cameras antameters of the fits are the source position, count rates and e
on five energy bands simultaneously: 0.2-0.5 keV, 0.5-1\) keient. Position and extent are constrained to the best-fieviar
1.0-2.0 keV, 2.0-4.5 keV and 4.5-12.0 KkMmages, cleaned all cameras and energy bands, while count rates are fitted sep
for periods of high background during the observations, aggately for each camera and energy baixd.detect uses the
created for each camera and energy band withStk& task exposure maps to correct the count rates for instrumefitaite
evselect. For the MOS cameras events with PATTERN (mirror vignetting, detector quantuntfieiency and filter trans-
(single and double events) are used at all energies while foission). Count rates and therefore fluxes giverebydetect
pn, events with PATTERMNO (single events) below 0.5 keV are background subtracted and corrected for PSF lossdbgiye
and with PATTERNA4 (single and double events) above 0.8orrespond to the flux in the entire PSF.
keV are used instead. Detection masks defining the area of the
detector suitable for source detection are created witlsse 20 g .
2. Selection of sources

task emask for each camera. Energy-dependent exposure maps
are computed with th6AS task eexpmap. The eexpmap task The measured flux of a source can be significantffedent be-
uses the latest calibration information for the mirror \@ging, tween cameras for reasons other than a cross-calibrafiect.e
detector quantumfiiciency and filter transmission to computé~or example a large discrepancy in the EPIC fluxes can be found
the telescope and instrumental throughpdficency as a if the source position falls in a CCD gap in one of the cameras.
function of energy and position in the FOV. Quantufficiency, In order to reduce the number of ‘problematic’ cases indilide
filter transmission and vignetting are evaluated at the meaor analysis, we performed the following filtering to the s
energy of each energy band. lists:

Initial source lists are obtained using th&S task

eboxdetect by employing a simple sliding box cell detectionl1. We used only sources detected as point-like by the source
detection algorithm.

Sources with200 background subtracted counts in the en-

2.1. Source detection

2 XMM- Newton started taking scientific observations in January2-

2000. ergy band of interest and on each camera were excluded.
3 http://xmm.esac.esa.int/sas/8.0.0/ This_ require_m_ent is used to avoid biase_s intr_odl_Jced by im-
4 In the 4.5-12.0 keV band pn photons with energies between 7.8 P0sing a minimum value of the detection likelihood and

8.2 keV were excluded in order to avoid the instrumental bemknd insisting that the source is detected in both cameras (see

produced by Cu K-lines (Lumb et al. 2002). Fig.[D).
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Table 1. Count rate to flux energy conversion factors (&cf)

Energy band Open Thin Medium Thick
keV echn ecfny ech, ecl, echn ech, ech, ecfn ecln, ecfn echy echp
0.2-0.5 16,530 3.094 3.142 9.056 1.725 1.738 7.880 1.514 211.54699 0.985 0.983

0.5-1.0 10.256 2.191 2.196 8.253 1.807 1.810 7.995 1.756 591.76.138 1.426 1.428
1.0-2.0 6.166 2.125 2132 5.878 2.028 2034 5.779 1.993 9199999 1775 1.781
2.0-45 1982 0.758 0.762 1.950 0.747 0.751 1.927 0.738 20.74.827 0.708 0.712
4.5-12.0 0.556 0.144 0.151 0.555 0.144 0.151 0.554 0.143 510.10.548 0.141 0.149
a Energy conversion factors have been calculated for eackrgamptical blocking filter of the observation and energycdo obtain the values

a power-law spectral model of photon indéx1.7 and observed absorption N 3 x 10°° cm? was assumed. Thecf are given in units of
10 ctscntferg?.

3. Sources with fi-axis anglE greater than 12are excluded
to ensure that no azimuthal biases are introduced; beyond
this radius, sources begin to fall outside of the MOS CC
boundaries at various fiiérent azimuthal angles. Sources
within this radius that fall on CCD gaps are also excluded
if the detector coverage (weighted with the local PSF) iszEés g
than 15% (these sources are considered non-detectioresin th
2XMM catalogué. 8 100f

4. Sources with a 2.0-120 keV observed flux [ \
>6x10%ergcn?st have been excluded from the [/ V]
analysis as these objectsffar from pile-ufl and thereforé B

their measured flux is underestimated. i —pn \
——pn (0.2-0.5 keV)"
= - --MOS B
3. Count rate to flux conversion L ‘ ]
1 10
The fluxes of the sources have been computed as Energy (keV)
RATE Fig. 2. Variation of the &ective area of the EPIC cameras (for

Flux

the medium filter) as a function of energy. The dot-dashed and
solid lines show the féective area for the EPIC pn camera, for

whereRATE are the source count rates in units of cfsand single pixel events (used below 0.5 keV) and for sirgleuble
ecf are the energy conversion factors from count rates to fluxgéxel events (used above 0.5 keV) respectively. The dashed |
in units of cts crierg™. Count rates are background subtracteshows the fective area for the EPIC MOS cameras.

and are corrected for PSF losses and variations of flieetee

exposure across the EP_IC FOV. . In order to calculate the energy conversion factors it is nec
The energy conversion factors ardtdient for each EPIC essary to assume a spectral model. In the casexuft and
camera and depend on the optical blocking filter used for thes, o this work we have assumed that the model that best
observation and the observing mfid@he dependence of the e produces the broad band X-ray emission of the sources is a
energy conversion factors on the observing mode is sma&h (1,5 er-law with photon indeX = 1.7 and observed absorption
2.0%), hence thecf values have only been computed for th w = 3x 10?°cm 2. This model has been found to be a good
PrimeFullWindow mode, which is the observing mode mosfgpesentation of the spectra of the bulk#fM sources (Watson
Lrequebntly used for XSA?ANG‘MOQ observations. Thecf valges 4 &t |/2008). Note that the fluxes have not been correctedhéor t
ave been computed for each EPIC camera, energy ban @?ﬁactic absorption along the line of sight, and therefoeg tare
optical blocking filter. absorbed fluxes.
s - - ) o Since the release @KMM there have been important updates
The df-axis angle is the separation of the source position in the, the calibration information of the EPIC cameras. For exam
F?Y/\];reorrlna\tlzec?fe)téizldatﬁ; the use of sources with small detecter-co ple, for the pn, new versions of the public redistributiontrxa
OrCO files (rmf) are available. The most recent public calibrationffiles

o ; °
age £50%) has no impact on the results of our analysis. available at the time of writing, were used to create masriceed

7 If a source is bright enough, two or more X-ray photons might d ; . . .
posit their charge in a single pixel or in neighbouring pixéuiring one in the computation of the energy conversion factors. Théfse d

read-out cycle. This is known as pile-up. In such a case thessts fer from the EPIC calibration files used in the pipeline pssce
are recognised as one single event with an energy equivaléme sum ing of the2XMM catalogue. Note that correction factors to apply
of the contributing photon energies. Pile-up reduces thansoin the to the 2XMM fluxes are provided in the on-line documentation
central part of the source, resulting in flux loss. of the catalogi®. As indicated in Se¢. 2.1, the event selection
8 Each EPIC camera is equipped with a set of threesed intheXMM pipeline is for the pn detector: PATTERM at
separate filters, named thick, medium and thin. For =&
detailed description of the science modes of the EPIC® http://xmm2.esac.esa.int/external/xmm_sw_cal/calib/
cameras see the on line XMMewton User Handbook epic_files.shtml
http://xmm.esac.esa.int/external /xmm_user_support/ 10 http://xmmssc-www.star.le.ac.uk/Catalogue/
documentation/uhb/ xcat_public_2XMM.html

ecf
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Fig. 3. Distributions of the percentage fluxftérence between the EPIC pn and MOS1 cameras as a functioa eh#éigy band.
The best-fit of the experimental distributions with a Gaarsdunction is shown with a smooth solid line and the corresig

best-fit parameters (mean and dispersion) and number ofe®involved in the analysis are listed in the upper-lefheonf the

plots (also given in Table 2). Errors are 90% confidence.

energies above 0.5 keV and PATTEROIonly at energies be- lower thar2XMM fluxes at energies below 0.5 keV while at higher
low 0.5 keV. For the MOS cameras PATTERM2 selection is energies the EPIC pn flux changes alés (see calibration notes
made at all energies. Therefore, for the EPIC pn detectoised u XMM-CCF-REL-189, XMM-CCF-REL-205).
thePrimeFullWindow mode on-axis redistribution matrices for For the MOS cameras new quanturﬁicﬂ'ency files (See

singles only (for the energy band 0.2-0.5 keV) and singles plxMM-CCF-REL-235) have become available since the release
doubles (for the energy bands above 0.5 keV). The fluxes givgnzxmm. In addition, a significant change in the MOS low en-
by the EPIC pn camera from the new calibration are ovei2#b  ergy redistribution characteristics with time has beerficored.
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Fig. 4. Distributions of the percentage fluxttirence between the EPIC MOS1 and MOS2 cameras as a functlmmerfiergy band.
The best-fit of the experimental distributions with a Gaais$unction is shown with a smooth solid line and the corresjgtg best-

fit parameters (mean and dispersion) and number of sourealséal in the analysis are listed in the upper-left cornethef plots

(also given in Tablgl2). Errors are 90% confidence.

This dfect is important only for sources with a separation froro investigate the EPIC flux cross-calibration using thedatal-

the optical axiss2’, which in most cases is the target of the obibration available we computed new MOS redistribution fratr
servation (Read et &l. 2006). To account for tHi®et, epoch- ces more representative of the current calibration tharoties
dependent MOS redistribution matrices have been geneii@tedused in2XMM. The MOS1 and MOS2 response matrices were
use by observers (XMM-CCF-REL-202). However for this workomputed with th&AS taskrmfgen for revolution 375, on-axis,

we have followed the approach XMM and used an average re-and for PATTERNSs from 0-12. These changes in the MOS cali-
sponse to compute the MOS energy conversion factors. I ortbeation have resulted in an increase of MOS fluxes compared to
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Table 2. Summary of the statistical comparison of EPIC fluxes ifiedlent energy bands.

Energy band pnvs. MOS1 pn vs. MOS2 MOS2 vs. MOS1
(keV) u(%) g Nsres 1(%) g Nsres (%) g Nsres
0.2-0.5 -20+05 160+ 05 909 12+ 04 132+ 04 885 -09+0.3 9.0+ 0.4 1092
0.5-1.0 -79=x01 82+0.2 2132 -82z+01 79+0.2 2197 10+0.2 78+0.3 2626
1.0-2.0 -85+02 75+0.2 2721 -91=+02 73+0.2 2781 03+0.2 72+0.2 3282
2.0-45 -71+02 71+0.2 1527 -65+0.2 74+0.2 1546 -0.7+0.2 71+0.2 1769
4.5-12.0 -125+05 98+ 0.5 484 -9.0+05 95+ 0.5 502 -38+0.2 80+0.2 549

u ando are they? best-fit mean and dispersion of the Gaussian distributied tsfit the data. Nesis the total number of sources involved in the
analysis. Errors are 90% confidence.

the quoted values iaXMM by ~5-8% in the 0.2-0.5 keV band, Table 3. Grouping definition used to study the time dependence
~4% in the 0.5-1.0 keV energy band ard% from 1.0-2.0 of the EPIC flux cross-calibration.
keV. At higher energies the changes in MOS flux are negligible

An investigation of the EPIC flux cross-calibration using BO Revolutio? NP
epoch and position dependent responses is beyond the stope o 28-290 730
this paper. However as we will see in SEE. 5 the use of an "av- 291-552 919

553 -814 901
815-1076 739
1077 -1338 202
a2 Range of XMMNewton revolutions in group? Total number of
observations with revolution in group.

erage’ MOS response for all sources has a snfédiceon the
main conclusions of this work as the time dependéiatoe only
affects a small fraction of the objects involved in our analysis
and at low energies only (below0.5 keV).

On-axis MOS and pnfeective area files were produced by
the SAS taskarfgen. The count rates froramldetect are cor-
rected for the ffective exposure along the FOV (which includes
vignetting and bad pixel corrections) and the PSF encloged e
ergy fraction. Hence thefkective areas were generated by dis-
abling these corrections, as indicated in the documemtatfo relative flux calibration between the two MOS cameras isdbett
the SAS taskarfgen. MOS and pn fective area curves for thethan 4% at all energies sampled by our analysis.
medium filter are shown in Figl 2. For pn we show tiikeetive In order to obtain the conversion factors from count rate
area curves used to computef values both above and belowy, flux we assumed the same spectral model for all sources.
0.5 keV. The energy conversion factors are listed in Table 1. owever we know that the sources that populate the X-ray sky

have a broad range of spectral shapes. For example, the X-ray
4. Results emission of AGN often shows more spectral complexity than a

simple power law (excess X-ray absorption, soft excesdpdd
In order to quantify the systematicfiiirence in flux between the even the distribution of broad band continuum shapes is know
EPIC cameras we have performed a statistical analysis, ca@-have an intrinsic dispersionl'~0.2-0.3 (see e.g. Mateos et
paring the flux ratio for large samples of sources selected &S2005). Furthermore, at soft X-ray energies and brighieu
specified in Sed.J2. We computed for each source the vatfe contribution from non-AGN populations to the X-ray sky,
(Si — Sj)/Sj whereS; andS; are the fluxes of the source meamainly stars and clusters of galaxies with thermal speistragt
sured by cameras, ) respectively. negligible (Mateos et al. 2008). We have investigated thzsich

The obtained distributions were fitted with a Gaussian pref the variety of spectral shapes on the flux cross-calitnadif
file, which, thanks to the large number of objects involveth#&  the EPIC cameras. In order to quantify the impact of the ahose
analysis, provided in all cases a good enough represemtattio spectral model on the measured EPIC flux cross-calibration w
the distribution of values. have computed the change in the flux ratio between cameras for
a varying power-law spectral model. We performed the calcul
tion by varying the continuum shape up 46'=0.6. Our simu-
lations have shown that the chosen spectral model has a small
Fig.[3 and Fig[% show the distributions offfdirence in flux effect on the measured flux from 0.5 keV to 4.5 keV where a
(in percentage units) when comparing pn and MOS cameras Adr=0.6 variation changes the measured flux by less than 4%.
sources detected in fterent energy bands. The results of th&he EPIC MOS and pn fluxes have a much stronger dependence
comparison between pn and MOS2 are very similar to those amn the spectral model used to compute #ee in the 0.2-0.5
tained for the pn and MOS1 cameras therefore we only sh&weV and 4.5-12.0 keV energy bands wherala=0.6 can vary
the latter. The smooth solid lines show thebest-fit Gaussian the measured fluxes byl5%. While the spectral model has an
distributions of the data. The best-fit parameters and nuwibe important éfect on the measured flux, the impact on the flux ra-
sources involved in the analysis are shown in the uppecteft tio between cameras is small. In order to confirm this resalt w
ner of the plots and are listed in Talble 2. Hi§. 5 shows the sysve also computed the flux ratio distributions from the seb-
tematic diference in the measured flux between cameras asfasources whose hardness ratios are consistent with ticgape
function of energy. model assumed to calculate thef. We found that the results

The mean flux dterence between the MOS and pn camerasgere largely indistinguishable from the ‘full set’ of soes; thus
is less than 10% at energigg.5 keV and~10-13% above 4.5 confirming that our approach of using a fixed spectral model to
keV. In all but the very lowest energy cases MOS fluxes aoempute source fluxes has a small impact on the main results of
found to be higher than those reported for the pn camera. Tt analysis.

4.1. Energy dependence
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Fig.5. Mean percentage flux fierence between the EPIC cam¥ig. 6. Percentage flux éierence between the EPIC cameras at
eras as a function of energy. The x-axis shows the energy batliierent energies as a function of time. Top: pn-MOS1 com-
identification number used in this work: 1: 0.2-0.5 keV, 2-0. parison. Middle: pn-MOS2 comparison. Bottom: MOS2-MOS1
1.0keV, 3:1.0-2.0keV, 4: 2.0-4.5keV and 5: 4.5-12.0 ke\p:To comparison. Errors are 90% confidence.

pn-MOS1 comparison. Middle: pn-MOS2 comparison. Bottom:

MOS2-MOS1 comparison. Errors are 90% confidence.

4.2. Time dependence
Here we present the dependence of the flux cross-calibration

the EPIC cameras on the lifetime of the mission. To do that we
have computed the distributions of EPIC flux ratios for searc
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| L
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Z _ook : MOS 1 Zﬁzigf—) 8% detected at dierent epochs. We have grouped our sources in
. 4 MOS1 offax(8—12)3 five XMM- Newton revolution intervals of the same size to have
-25t | | | | a uniform sampling of the lifetime of the mission. The group-
2 3 4 5 ing definition is shown in Tablel3 while the observed time de-

Energy band

Fig.7. Variation of the percentage flux fékrence between the

pendence of the flux cross-calibration of the EPIC cameras at
different energies is shown in Fig. 6.
The flux cross-calibration between the MOS cameras does

EPIC cameras as a function of the energy band for sourced1at depend significantly on time and the result seems to fold a
different MOS @&-axis angles. The x-axis shows the energy bar@l energies. When comparing pn and MOS fluxes, no significant
identification number used in this work: 1: 0.2-0.5 keV, -0. change of the flux ratio with time is seen at energies above 0.5
1.0keV, 3: 1.0-2.0 keV, 4: 2.0-4.5 keV and 5: 4.5-12.0 ke\teDakeV. However, a strong temporal dependence of the flux ratio i
points at each energy band have been shifted slightly atwng-t foundin the 0.2-0.5 keV band, in the sense that pn fluxes seem t
axis for clarity. Top: pn-MOS1 comparison. Middle: pn-MOS2ncrease with respect to MOS fluxes at higher revolutiong Th

comparison. Bottom: MOS2-MOS1 comparison. Errors are 90effect is more important when comparing pn and MOS?2 fluxes.
confidence. We note that there is some scatter in the pn vs. MOS1 values

obtained at dferent epochs at energies above 4.5 keV due to
low statistics, although the points are consistent at-2-3
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Fig.9. MOS1 and MOS2 CCD layouts and CCD numbering (small numbeth@top right corner of the CCDs). The position of
the RGSs is indicated with a shaded rectangle. The diagoosd and large 'FLAG n’ text indicate the positional flag isefs. The
MOS diagrams are co-aligned such that the individual s@wceupy the same position in each diagram -e.g. a source imitidle

of MOS1 CCD 6, lies in the middle of the CCB2CD7 boundary in MOS2.

4.3. Dependence on position of sources in the FOV cameras, sources lying along the RGA dispersion axis show a

) , large gradient in MOS vs. pn relative flux.
It is well known that the response of the XMMewton mirrors

and the EPIC instruments varies with position in the FOV.eHer
we investigate the relative flux cross-calibration of thel &P 5. Discussion
cameras, by comparing the EPIC fluxes for sourcesfédrédnt
off-axis and azimuthal angles. The results for the full source sample show an excellenteagre
The variation of the percentage fluxtidirence between the ment between the two MOS cameras; better than 4% over the
EPIC pn and MOS cameras as a function of energy band fmtire energy range of the cameras. The MOS cameras present a
sources at dierent MOS @&-axis angles is shown in Figl 7. Hereconsistent excess in flux compared with the pn-8f9% from
sources have been divided into groups with MA@ISaxis angles 0.5 keV to 4.5 keV and-10-13% at higher energies4.5 keV).
of -2, 2-5,5-8 and 8-12. These results are in agreement with the findings of Stuhliege
There is a clear trend for sources further from the optical. (2008), who performed a careful analysis of 168 bright on
axis to show an increased flux in the MOS cameras relativeasis sources.
pn. This is particularly apparent for MOS1. In the lowestrgye At low energies (0.2-0.5 keV) the agreement between the
band the on-axis sources show a significant excess of pn flux IEPIC cameras is seemingly better3%). However, a strong
ative to the MOS. This is a veryfilerent result than obtained fortrend in the flux ratios with observation epoch, in this basd,
sources at largerfBbaxis angles. In both MOS cameras, in thevident as shown in Fig] 6. This can be explained by the evolu-
highest energy band the MOS flux excess increases by 10-186f of the MOS redistribution characteristics with tima.this
as the df-axis angle increases. This highly significant result analysis we have used a single response matrix for each of the
likely to be due to inaccuracies in the calibration of eithte MOS cameras, relevant for an on-axis source observed in rev-
vignetting, the PSF or the RGA obscuration. As a further diaglution 375, which will necessarily be inaccurate for olvaer
nostic we have produced samples of sources with a M®S dions made at earlier and later epochs. The redistributiog-f
axis angle>-2’ (to reduce thefect due to the change in the lowtion evolves such that an increasing fraction of X-ray§esun-
energy redistribution characteristics of the MOS camer#ls wcomplete charge collection. Thefect is increasingly stronger
time, see Se¢]3) and then divided into fouffelient azimuthal towards lower energies. The evolution of the M®&f seems
angle bins. The results are shown in [Ei. 8. For both MOS cata- be related to the total X-ray radiation dose received by a
eras, the positional flags indicate the quadrants deliddatea pixel which will clearly be higher at the centre of the detect
diagonal cross centred on CED, RAWX=300, RAWY=300, where bright sources are preferentially placed (Read2086).
such that flag1 extends towards the low RGA obscuration (i.éSources at MOSf-axis angles greater thar2’ are essentially
high MOS throughput) direction, and flag extends towards the immune to this &ect.
high RGA obscuration (i.e. low MOS throughput) directios, a  For MOS on-axis sources, photons from the energy band
shown in Fig[®. 0.2-0.5 keV can be redistributed in energy below the dedacti
Inthe 4.5-12.0 keV band there is a very strong dependencedlafeshold and lost while photons from energy band 0.5-1\0 ke
the MOS to pn flux ratio on the azimuthal angle. For both MO&an be redistributed into the 0.2-0.5 keV energy band. Tieee
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the pfMOS1, priMOS2 and MOSAMOSL1 ratios respectively
LR A R bringing them into better agreement with the values at éaegrg
\/" from 0.5 keV to 4.5 keV. It is clear from this that the use of a
i 7 single MOSrmf to calculate the global flux ratios at the lowest
oo e 1 energies is not correct.
08 el e - At the highest energies, 4.5-12.0 keV, the M@81lflux ex-
T 1 cess increases to 10-13%. From [Ey. 6 this has no obvious tem-

1 poral variation but from Fid.]7 and Figl 8 it is dependent othbo
the df-axis angle and the azimuthal angle. The MOS excess in-

S 06 4 creases by-10% from on-axis to fi-axis and there is a 10-15%
o i i variation with azimuthal angle. At these energies the \igmg

o i function and point-spread function evolve quickly witli-axis

= | angle, suggesting that inaccuracies in one or both of thalse c
“g” o4 ibration quantities may be responsible. At medium to high en
s ergies the ground calibration data available on individt@Ds

suggests that CCD to CCD variations in detector response are
not responsible for the apparent azimuthal dependenceiseen
the 4.5-12.0 keV band in Figure 8. For example, the spredukin t
measured quantunficiency of the MOS CCDs is less than 5%
from 4.5 t0 6.5 keV and is too small to account for the 15% vari-

8 ation seen in the pn to MOS2 flux ratio in the 4.5-12.0 keV band.

. In principle the pn camera has no azimuthal dependence for an

0.2

(o O T A AU AR of the calibration quantities, whereas the vignetting efMOS
0 100 200 300 cameras is stronglyfiected by the transmission of the RGS grat-
Azimuthal angle (degrees) ings (Turner et al._2001). Furthermore, because the outes MO

chips lie on two distinct planes, it is believed that smalb%
Fig. 10. MOS vignetting factor as a function of azimuthal angl&ariations due to the PSF may exist (Saxton €t al. 2003).
at energies of 1 keV (solid lines) and 10 keV (dotted linesyl a  In Fig.[I0 we show the current calibration of the MOS vi-
for off-axis angles of (top to bottom), 3 and 15. gnetting function for ff-axis angles of 3 9 and 15 as a func-
tion of the azimuthal angle. The azimuthal dependency, due
to obscuration by the RGA structure, is both energy afid o
is negligible at energies abovel keV. For a given source, theaxis angle dependent. At 10 keV and @f-axis it drops by
strongest evolution in observed flux occurs in the 0.2-08 ke25% between the high MOS throughput direction (azinsth
band and is dependent upon the intrinsic spectrum. Highly adOS flag 1 in Fig.[B and Fig.]9) and the opposite direction
sorbed sources which have a very low 0.2-0.5 keV to 0.5-1(@8zimuth=180; MOS flag 3 in Fig[8 and Fid.]9). Therefore the
keV ratio will show an increase in 0.2-0.5 keV flux as more phaesults presented in Figl. 8 are highly suggestive that bregion
tons are gained from the 0.5-1.0 keV band than are lost. change is required: increasing the magnitude of the aziahuth
The majority of sources in this sample, however, have releignetting variation at high energies would bring the psiint
tively soft spectra, for example AGN with low absorptiongdanFig.[8 closer together. Furthermore, a change in the radial v
the evolution of themf causes a loss of 0.2-0.5 keV flux as morgnetting calibration to increase the overall MOS througtgiu
photons are lost below threshold than gained from the @5-1he highest energies might also be required. This is edpecia
keV energy band. This is confirmed by Hig. 7 where the 0.2-0tlse case for MOS1 where a large overdiset at high energies
keV ratio at small &-axis angles is significantly fierent from is seen in Fig.b.
the other points. We have checked that the distributiorffefigis Though the &ect introduced by the outer MOS chips lying
angles of the sources are very similar at all epochs usedrin e two distinct planes is thought to be small, it can be exam-
analysis, therefore the time dependence observed in the MD&d in the present analysis. The outer MOS chips run up-down
vs. pn 0.2-0.5 keV flux ratios (see Fig. 6) cannot be explaasedup-down around the central chip, such that the positiongl fla
an artificial @fect due to the increasing fraction of near on-axigettings used in Fi@.] 8 and F[d. 9 divide MOSL1 into two flags (2
sources with time. and 4) that are dominated by an ‘up’ chip and by a ‘down’ chip,
In Fig.[@ we see that, once the sources from the innernfos@®d are free from the grossfects of the azimuthal vignetting
are excluded from the analysis, the 0.2-0.5 keV flux rati@ssh (at azimutk-0° and azimutk18C°). The situation is not as good
a spread of up te 8% with the detector azimuthal angle. As thigor MOS2 as, although CCDs 6 and 3 can be compared by com-
flux ratio is mostly strongly influenced by the calibrationtbé paring flags 1 and 3, these positiongfeuthe largest deviations
detectormfs we suspect that this spread is due to intrinsic CCID azimuthal vignetting due to the RGA obscuration. For MOS1
to CCD variations in the low energy response of the 14 MO® least though we can examine the MOS chip plane Rigte
and 12 pn CCDs. The quality of the ground calibration data ben the obtained source fluxes: the flux ratio values in these tw
low 500 eV is not sfiicient to discriminate betweenftérent de- areas (MOS1, flags 2 and 4) in F[g. 8 are seen to agree with
vices (XMM-EPIC instrument team, private communicatiom) seach other very well (within 2%), indicating that thffeet on
we cannot compare our results directly with a predictioredasthe outer MOS chips lying on two distinct planes is very small
on the available calibration data. Further progress onwtfiis
require the accumulation of ficient numbers of sources to en
able comparisons to be made on specific combinations of CC
Excluding sources from the innermost Zhe 0.2-0.5 keV We have used the second XMMewton serendipitous source
flux ratios are -11.40.3%, -4.6:0.6% and -4.80.7% for catalogue,2XMM to compile large samples of ‘good quality’

BS Conclusions
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sources to measure thefgrence in flux seen by the EPIC camTurner, M. J. L., Abbey, A., Arnaud, M., Balasini, M., et aD@L, A&A, 365,

eras and investigate the relative calibration of the imstnts.
The main results are given below.

1.
2.

3.

The MOS cameras agree with each other to better than 4%
at all energies.

The MOS cameras register a consistent 7-9% higher flux
than the pn at energies between 0.5 keV and 4.5 keV.

The priMOS flux discrepancy increases at high energies, up
to ~13% for MOS1. The flux discrepancy at high energies
has been shown to have a strorfjaxis and azimuthal angle
dependence. The most likely explanation for this variaigon

an incorrect calibration of the obscuration factor in the 10
cameras due to the RGA structures. As the azimuthal vari-
ation is not present at energies below 4.5 keV, a reworking
of the RGA physical parameters is needed which solves the
high energy problem withouti&ecting lower energies. If this
can be achieved then the mirror vignetting function for the
EPIC MOS cameras will need to be revisited as these two
quantities are intimately related. Ideally, the solutiooubd
reduce the overall discrepancy of the cameras at higher ener
gies and leave a uniform MQ% excess at all energies.

. A systematic dference in flux cross-calibration is seen for

the 0.2-0.5 keV band with a strong dependence on time. This
effect, also present in tHBXMM catalogue, has been explained
as being due to the fact that an average response has been
used to compute the fluxes of sources detected with the MOS
camera at all epochs. Therefore thifeet could be removed

by using an epoch and position dependent response function
to compute the MOS1 and MOS2 fluxes and could be used
in future releases of XMMNewton catalogues. The fidelity

of fluxes in the XMMNewton source catalogues could be
further improved by using the source spectrum, or hardness
ratio, to calculate thecf.

Acknowledgements. We thank Matteo Guainazzi, Martin Stuhlinger and Simon
Rosen for useful comments. We gratefully acknowledge theM<Mewton
Survey Science Centre, a consortium of 10 European iresitdior the produc-
tion and public provision of the@XMM catalogue. We would like to acknowl-
edge the contribution of all the calibrators of the EPIC a&iSRnstruments on
XMM- Newton, who have helped to achieve the self-consistency betweeimth
struments that we see today. SM, AMR and SS acknowledget ginpport from
the UK STFC research council. We thank the referee for pmgidomments
that improved this paper.

References

den Herder, J. W., Brinkman, A. C., Kahn, S. M., BranduardisRont, G., et al.

2001 A&A, 365, 7

Ehle, M., Altieri, B. 2001, SOC note XMM-SOC-CAL-PL-0001 ¢&€. 2000,

SOC note XMM-SOC-PS-TN-0038

Jansen, F., Lumb, D., Altieri, B., Clavel, J., et al. 2001 AZ365, 1
Kendziorra, E., Bihler, E., Grubmiller, W., Kretschmar,, Bt al. 1997 SPIE,

3114, 155

Kendziorra, E., Colli, M., Kuster, M., Staubert, R., et 8899 SPIE, 3765, 204
Kuster, M., Benlloch, S., Kendziorra, E., Briel, U. G. 199BIE, 3765, 673
Lumb, D. H., Warwick, R. S., Page, M. & De Luca, A. 2002, A&A,B®83
Mateos, S., Barcons, X., Carrera, F. J., Ceballos, M. T.|. &005 A&A, 444,

79

Mateos, S., Warwick, R. S., Carrera, F. J., Stewart, G. @I, @008 A&A, 492,

51

Read, A. M., Sembay, S. F., Abbey, T. F., Turner, M. J. L. Pedaegs of the "The

X-ray Universe 2005", 26-30 September 2005, El Escorialdiith Spain.
Ed. by A. Wilson. ESA SP-604, Volume 2, Noordwijk: ESA Puhblions
Division, ISBN 92-9092-915-4, 2006, p. 925 - 929

Saxton, R. D., Denby, M., Gifiths, R. G., Neumann, D. M. 2003 AN, 324, 138
Strider, L., Briel, U., Dennerl, K., Hartmann, R., et al020A&A, 365, 18
Stuhlinger, M., Kirsch, M.G.F., Santos-Leo, M., Pollock,MAT., et al. 2008

‘Status of the XMM-Newton instrument cross-calibrationttwBASv7.1’,
XMM-SOC-CAL-TN-0052.

L27-L35
Watson, M.G., Schroder, A.C., Fyfe, D., Page, C.G. 2008AA&93, 339



	Introduction
	The XMM-Newton data
	Source detection
	Selection of sources

	Count rate to flux conversion
	Results
	Energy dependence
	Time dependence
	Dependence on position of sources in the FOV

	Discussion
	Conclusions

