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Abstra
t

We des
ribe the analysis of a simultaneous XMM-Newton Bep-

poSAX observation of 3C273 
arried out in June 2001. Our primary

aim is to asses spe
tral parameters for the high energy (above 3keV)

spe
trum of EPIC MOS, EPIC PN and MECS and to 
ompare them.

We �nd that in the 3-10 keV band EPIC MOS and PN spe
tral slopes

are 
ontained within a �� = 0:03, with the ex
eption of the MOS1

measurement, whi
h is found to be signi�
antly 
atter. The EPIC

slopes are in good agreement with those obtained with the MECS

on-board BeppoSAX. These results represent a major improvement in

our understanding of the EPIC high energy response.

1 MOS Analysis

Event �les were pro
essed at LUX by S. Sembay using the publi
ally available

SAS 5.4.1 S/W. Our �rst 
on
ern is to determine if pileup is present and to

what extent. There are various ways to go about this. One possibility is

to use epatplot. We have run epatplot on various annuli 
entered on the

emission peak. In Fig. 1, 2 and 3 we present results for 3 annuli with

bounding radii 0

00

-6

00

, 6

00

-37.5

00

and 15.0

00

-37.5

00

. Clearly annuli in
luding data
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from the innermost regions are a�e
ted by pile-up to some extent. The


urrent version of epatplot is extremely useful to dete
t pile-up at a glan
e,

however it does not write to �le the expe
ted fra
tions and therefore does

not allow to perform a more quantitative analysis.

Moreover, as we shall verify further on, the large dis
repan
y observed

above 2 keV between predi
ted and measured pattern 0 fra
tions does not

imply that major spe
tral distortions of the pattern 0 spe
trum are o

urring

at energies greater than � 2 keV. At moderate pile up rates su
h as those

o

urring in this observation the main e�e
t of pile-up is to take pattern 0

events and turn them into doubles. Piled up pattern 0 events are less likely

simply be
ause the probability of produ
ing a piled-up double is 4 times

larger than that of produ
ing a piled up single. The major e�e
t on pattern

0 events is a loss of events to higher order patterns (mainly doubles). Sin
e

the probability of an event to be lost to pile-up is independent of its energy,

the loss of events will result in a lower normalization of the pattern 0 spe
trum

and not in a distortion of its shape. In epatplot the predi
ted fra
tions are


omputed under the assumption that none of the re
orded events are due to

pile-up, if however, a 
ertain number of double, triple and quadrupole events

are due to pile-up, then the assumed fra
tion of pattern 0 events will be

mis
al
ulated simply be
ause based on an in
orre
t number of total events.

A defe
t of pat. 0 events is observed above 2 keV be
ause it is at these

energies that the e�e
tive area starts to drop rapidly and piled-up doubles

be
ome a sizeable fra
tion of all doubles.

1.1 Pattern ratios

Another possibility to assess pile-up is to derive the ratio of doubles to sin-

gles spe
tra for di�erent annuli, we shall indi
ate with R

bivp0

(r

min

; r

max

), the

ratio of the spe
tra for verti
al bipixels to pattern 0 from the annulus with

bounding radii r

min

,r

max

and with R

bihp0

(r

min

; r

max

) the ratio of the spe
tra

for horizontal bipixels to pattern 0 from the annulus with bounding radii

r

min

,r

max

expressed in ar
se
onds. For regions una�e
ted by pile-up the ra-

tio should be the same, while for regions where pile-up is important the ratio

should be larger, parti
ularly for those energies where "true" bipixels are

expe
ted to be few. To quantify somewhat the above di�eren
es, we have


omputed R

bivp0

(0; 3)=R

bivp0

(6; 37:5) and R

bihp0

(0; 3)=R

bihp0

(6; 37:5) , i.e. a

ratio of ratios, this is less 
ompli
ated than it may appear to be.
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Figure 1: epatplot for a 
ir
le with radius 6

00
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Figure 2: epatplot for an annulus with bounding radii 6

00

and 37.5

00
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Figure 3: epatplot for an annulus with bounding radii 15

00

and 37.5

00
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Figure 4: the R

bivp0

(0; 3)=R

bivp0

(6; 37:5) and R

bihp0

(0; 3)=R

bihp0

(6; 37:5) ratio

of ratios, see text for details.
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In �gure 4 we report the above ratio for MOS2, results for MOS1 are

very similar. In general the ratios lie above 1 indi
ating that some pileup is

present in the inner 
ir
le. Let us go in more detail and 
onsider �rst verti
al

bipixels, below about 0.8 keV the ratio is 
lose but slightly smaller than 1

indi
ating that pile-up is not very important and that the dominant e�e
t

is that of a loss of events (most likely to higher order patterns). Around 2.2

keV we observe a jump, this is related to the gold edge. At energies larger

than 2.2 keV the e�e
tive area is redu
ed drasti
ally and so is the probability

of produ
ing a true bipixel, on the 
ontrary the probability of produ
ing a

bipixel through pile is una�e
ted by the edge, 
onsequently we observe a jump

in the ratio due to the in
reased fra
tion of piled up bipixels over true bipixels.

From about 2.2 keV to 9 keV the ratio remains essentially 
onstant. Let us

now 
onsider horizontal bipixels, as we know, the probability of produ
ing

a true horizontal bipixel is smaller than that of produ
ing a true verti
al

bipixels. On the 
ontrary the probability of produ
ing a horizontal bipixel

from 2 piled up singles is identi
al to that of produ
ing a verti
al bipixel from

2 piled up singles, thus the fra
tion of pile up events we observe is larger for

horizontal bipixels than it is for verti
al bipixels. Most interestingly the ratio

eviden
es a line-like stru
ture emerging between 1.8 and 3 keV. This is due

to the 
ombined e�e
t of the Si edge at 1.8 keV and of the Au edge at 2.2

keV. Both these edges redu
e drasti
ally the amount of true bipixels while

leaving una�e
ted the amount of piled-up bipixels, thus the ratio goes up.

Around 3 keV the ratio starts to drop be
ause piled-up bipixels are now

being made in part from monopixels with energies larger than 1.8 keV. Up

to this point, the reader may have found the above results amusing but not

parti
ularly important. The important part is that a mild pile up, su
h as

the one observed in the 
ore of 3C 273 results in a substantial amount of

spurious bipixels in the energy range between 1.8-3 keV. Thus, when �tting

pattern 0-12 spe
tra this will show up as an ex
ess in the 1.8-3 keV energy

range. Sin
e the energy range under exam is one where we observe the Si

and Au edges the naive 
alibrator may be lead to thinking that the problem

is related to a miss-
alibration of the edge depth when it is infa
t a pile-up

problem.
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1.2 Pattern 0 vs. patterns 0-12 spe
tral �tting

Another way of assessing pile up is to �t pattern 0 and pattern 0-12 spe
tra

from di�erent annuli. For spe
tra in
luding inner regions a�e
ted by pile-

up �ts will yield di�erent results for pattern 0 and pattern 0-12, for outer

regions where pile-up is absent they will yield 
onsistent results. In Table

1 we report the result of spe
tral �ts to MOS1 and MOS2 data in 2 annuli

with bounding radii 0

00

-6

00

, 6

00

-37.5

00

. Results are reported in the form of ��

where �� � �

p0 12

� �

p0

Table 1: �� � �

p0 12

� �

p0

Spe
trum �� ��

3-10 keV 4-10 keV

MOS1 0

00

-6

00

�0:08� 0:04 �0:17� 0:06

MOS2 0

00

-6

00

�0:06� 0:04 �0:10� 0:06

MOS1 6

00

-37.5

00

0:02� 0:03 0:00� 0:05

MOS2 6

00

-37.5

00

0:01� 0:03 0:02� 0:04

In the inner ring the pattern 0-12 spe
trum is 
atter than the p0 spe
-

trum. This is due to piled up 0 patterns that are dete
ted mostly as higher

order patterns with a spe
trum that is harder than the real sour
e spe
trum

(the energy of the piled up event is the sum of the energies of the 2 or more

events that 
ontribute). The pattern 0 spe
trum is also a�e
ted by piled up

event whi
h will harden the spe
trum, however in this 
ase the e�e
t is sig-

ni�
antly smaller as the probability of produ
ing a piled up valid double is 4

times larger than that of produ
ing a piled up pattern 0. In the outer region

the e�e
t of pile up is negligible and the pattern 0 and pattern 0-12 spe
tra

show 
onsistent spe
tral slopes. It is interesting to note that the epatplot for

this outer region (see Fig. 2), show some eviden
e for pile up, however this

is insuÆ
ient to introdu
e measurable spe
tral distortions in our �ts.

Assuming that pattern 0 spe
tra are not substantially distorted even

within the 
ore, we may 
ompare the spe
tral �ts for the two annuli. Sin
e

ea
h spe
trum is analyzed using an e�e
tive area appropriate for the spe
i�



hoi
e of bounding radii, an agreement between spe
tral parameters would

indi
ate that the PSF 
orre
tion is working properly. In Table 2 we report

�� where this time �� � �

p0

(0

00

� 6

00

)� �

p0

(6

00

� 37:5

00

)
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Table 2: �� � �

p0

(0

00

� 6

00

)� �

p0

(6

00

� 37:5

00

)

Dete
tor �� ��

3-10 keV 4-10 keV

MOS1 0:21� 0:04 0:10� 0:06

MOS2 0:21� 0:04 0:10� 0:05

Results for MOS1 and MOS2 are similar, for both dete
tors we �nd that

the spe
trum extra
ted from the 
ore is signi�
antly steeper than the one

extra
ted from the wings. The obvious 
on
lusion is that the PSF 
orre
tion

does not work properly. The reader is 
autioned that this does not imply that

the PSF 
orre
tion does not work in general. The 
urrent PSF 
alibration is

the result of a detailed analysis of the radial pro�les of many di�erent sour
es

observed with EPIC (Ghizzardi 2002) and for the typi
al 
ase of a non-piled

up sour
e with an extra
tion radius of 20

00

� 40

00

and no hole in the 
enter it

does work adequately.

1.3 Diagonal Patterns

Yet another way of assessing the role of pile up is to 
onsider diagonal bipixels

(patterns 26-29). The main advantage of diagonal bipixels is that they are

produ
ed virtually only from the pile up of 2 single events. Consequently

diagonals 
an be used to estimate the importan
e of pile-up. In Fig. 5

we 
ompare the image of 3C 273 in diagonal patterns with the one derived

for 0-12 patterns. The sour
e is 
learly visible in diagonals and the surfa
e

brightness more peaked than in the standard patterns indi
ating, on
e again,

that some pile-up is present.

The e�e
t of pile up 
an be split into two di�erent parts. There is a gain

of events, and a loss of events, generally speaking the events whi
h are gained

have energies larger than those that are lost as the former are made from the

sum of the latter.

Let us now for simpli
ity's sake 
on
entrate on pattern 0 events and as-

sume that the only form of pile-ups are two photon pile-ups (i.e. we negle
t

pile-ups due to 3 or more events). Following the above arguments the spe
-

trum of observed singles S

obs

(E) per frame per pixel may be written as:

S

obs

(E) = S(E)� S

lost

(E) + S

gain

(E); (1)
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Figure 5: image of 3C 273. Left panel image in diagonal patterns; right

panel image in 0-12 patterns

where S(E) is the pattern 0 spe
trum in the no pile-up limit, S

lost

(E) is

the spe
trum \lost" to singles and higher order pattern pile-ups and S

gain

(E)

is the spe
trum gained from single-single pile-ups. Both the spe
trum of

events gained S

gain

(E) and lost S

lost

(E) from pile-up 
an be estimated from

the spe
trum of diagonal events (patterns 26-29). To avoid 
onfusion we

shall 
all S

dia

(E) the spe
trum observed in diagonal patterns and S

dia p0

(E)

the spe
trum of pattern 0 re
onstru
ted by splitting ea
h diagonal event into

two pattern 0 events. It 
an be shown that

S

gain

(E) =

1

4

S

dia

(E); (2)

similarly S

lost

(E) may be related to S

dia p0

(E) through the equation:

S

lost

(E) =




1

4�

1

S

dia p0

(E); (3)

where 


1

= 9 + 3�

2

+ 6�

3

+ 7�

4

and �

1

, �

2

, �

3

and �

4

are the fra
tion of

events giving rise to monopixels, bipixels tripixels and quadripixels in the no
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pile-up limit. A derivation of Eq. (2) and (3) will be given in Appendix A.

As shown in Appendix B Eq. (2) and (3), whi
h are derived in the 
ase of

a sour
e illuminating the MOS CCDs homogeneously, 
an be extended to a

generi
 point sour
e with a surfa
e brightness des
ribed by the MOS PSF.

Thus we may write:

�

S(E) =

�

S

obs

(E) +




1

4�

1

�

S

dia p0

(E)�

1

4

�

S

dia

(E); (4)

where

�

S indi
ates the spe
trum per frame per pixel averaged over the

sour
e surfa
e brightness distribution of the sour
e. Sin
e �

1

, �

2

, �

3

and �

4

depend upon energy, mean values where derived by averaging over the whole

MOS spe
tral range using a 3C 273 spe
trum a

umulated in the wings

of the PSF where no pile-up is present. Derived values are �

1

= 0:8208,

�

2

= 0:1623, �

3

= 0:0069 and �

4

= 0:0100.

Before applying Eq. (4) to our data we need to 
onsider one last te
hni
al

issue, when running em
hain with the default parameters diagonal patterns

are re
ognized and split into pattern 0 events, they are however 
agged and


onsequently

�

S

dia p0

(E) 
an be easily extra
ted from the MOS event �les.

On the 
ontrary to derive

�

S

dia

(E) diagonal patterns must not be split. An

easy way to do this is to run the em
hain in the following fashion: em
hain

emevents:splitdiagonals=N.

In Table 3 we report the results of spe
tral �ts to MOS1 and MOS2

spe
tra extra
ted from a 
ir
le with a radius of 37.5

00

. For ea
h dete
tor

we report results for 3 spe
tra, the �rst is a

umulated from patterns 0-12,

the se
ond and third are a

umulated from pattern 0 only. Of the pattern

0 spe
tra the �rst is not 
orre
ted for pile-up e�e
ts, while the se
ond is


orre
ted using the pattern 26-29 spe
trum as indi
ated in Eq. (4).

Clearly there is a di�eren
e between pattern 0-12 spe
tra and pattern

0 spe
tra, this is due to piled-up events present in the patterns 1-12 whi
h

harden the pattern 0-12 spe
trum. The di�eren
e between the un
orre
ted

and the 
orre
ted pattern 0 spe
tra is small indi
ating that at the moderate


ounting rate of 3C 273 pattern 0 spe
tra are only mildly distorted from

pile-up.
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Table 3: 
omparison of spe
tral �ts to MOS1 and MOS2 data

Dete
tor � �

3-10 keV 4-10 keV

MOS1 pat0-12 1:50� 0:02 1:50� 0:03

MOS1 pat0 1:54� 0:02 1:62� 0:03

MOS1 pat0 dia
or 1:57� 0:02 1:67� 0:04

MOS2 pat0-12 1:57� 0:02 1:52� 0:03

MOS2 pat0 1:62� 0:02 1:63� 0:03

MOS2 pat0 dia
or 1:65� 0:03 1:70� 0:04

2 PN

PN event �les were generated by M. Freyberg using the version of ep
hain

available at MPE in November 2002. Spe
tra and response matri
es were

produ
ed by F. Haberl, the response matri
es are 
oded as PN6.3 de
02.

we have veri�ed a posteriori that running SAS 5.4.1 on the ODF �les we

derive 
onsistent results.

The nominal frame-time for the PN small window is 5.67 ms. Taking into

a

ount that the PN pixels are about 16 times larger than the MOS pixels,

that the MOS frame-time in SW is 0.3 s and that the MOS2 and PN 
ount

rates are respe
tively 17.5 and 70 
ts/s, we �nd that the PN 
ounts per frame

per pixel are about the same of those of either MOS1 or MOS2. Sin
e the

MOS pile-up on singles is small we expe
t that this will also be the 
ase for

PN singles; a modest pile-up may a�e
t PN doubles whi
h are of 
ourse more

sensitive than singles. This 
on
lusion is 
on�rmed by the epatplot analysis.

In Fig. 6 we report the epatplot for a 
ir
le with a 40

00

radius 
entered

on the emission peak. The small dis
repan
y seen below 600eV is related

to a PN 
alibration issue 
urrently under investigation and not related to

pileup. A real pile up problem would show up as a double ex
ess (and single

defe
t) above 1-2 keV, no su
h e�e
t is seen. Some dis
repan
y is observed

above 8 keV, however similar dis
repan
ies have been observed before and

are probably not related to pile up.

We have performed power-law �ts in the 3-10 keV and 4-10 keV band

for singles and doubles for 3 di�erent extra
tion regions: a 
ir
le with a 40

00

radius and two annuli with bounding radii 5

00

-40

00

and 10

00

-40

00

. Results are

12



Figure 6: epatplot for a 
ir
le with radius 40

00
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reported in Table 4.

Table 4: Fits to PN spe
tra.

Spe
trum � �

3-10 keV 4-10 keV

PN S 0

00

-40

00

1:65� 0:01 1:67� 0:01

PN D 0

00

-40

00

1:62� 0:01 1:62� 0:01

PN S 5

00

-40

00

1:67� 0:01 1:72� 0:02

PN D 5

00

-40

00

1:63� 0:01 1:66� 0:02

PN S 10

00

-40

00

1:67� 0:01 1:72� 0:02

PN D 10

00

-40

00

1:63� 0:01 1:66� 0:02

As 
an be seen there is a di�eren
e in the spe
tral slope re
overed from

singles and doubles. The di�eren
e is larger in the 4-10 keV �ts than in the

3-10 keV �ts. Inspe
tion of the residuals shows that it is related to an ex
ess

in the doubles spe
trum in the 8-10 keV band. Pile-up is unlikely to be a


ause for this as the ex
ess is observed in all the doubles spe
tra reported in

Table 5. Interestingly, F. Haberl has re
ently reported that a similar e�e
t

has been observed in other sour
es, a likely origin 
ould be a small error in

the doubles to singles relative quantum eÆ
en
y in the 8-10 keV range.

3 MECS

A BeppoSAX observation was 
arried out simultaneously with the XMM-

Newton observation. The MECS instrument on-board BeppoSAX operating

in the 2-10 keV band is well suited for a 
omparison with the EPIC MOS and

PN hard bands. The MECS is a GSPC whi
h has been extensively 
alibrated

both on ground and in-
ight.

We have performed spe
tral �ts to the 
ombined MECS2 and MECS3

spe
trum produ
ed by the standard pipeline at the BeppoSAX SDC in Rome.

The extra
tion radius is 4

0

. The energy band used are as for EPIC 3-10 keV

and 4-10 keV.
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4 Comparing EPICMOS, EPIC PN andMECS

In Table 5 we 
ompare the results of EPIC PN, EPIC MOS and MECS

spe
tral �ts in the 3-10 keV and 4-10 keV. For MOS we report the pattern 0

spe
tra 
orre
ted for pile-up a

ording to the pro
edure reported in Se
tion

1; for PN we report PN singles and doubles spe
tra for the 
ir
le with a

40

00

extra
tion radius and for MECS the �ts to the 
ombined MECS2 and

MECS3 spe
trum produ
ed by the standard pipeline at the BeppoSAX SDC

in Rome.

Table 5: 
omparison between �ts obtained with di�erent instruments

Spe
trum � �

3-10 keV 4-10 keV

MOS1 pat0 dia
or 1:57� 0:02 1:67� 0:04

MOS2 pat0 dia
or 1:65� 0:03 1:70� 0:04

PN S 0

00

-40

00

1:65� 0:01 1:67� 0:01

PN D 0

00

-40

00

1:62� 0:01 1:62� 0:01

MECS23 1:63� 0:02 1:64� 0:03

Let us �rst address the issue of the MOS PN 
ross-
alibration. In the

3-10 keV band all measurements, ex
ept the MOS1, 
luster within a �� of

0.03 and are 
onsistent with one another at the 2.2� level. The MOS1 slope

is signi�
antly harder than all others, �� � 0:07. Interestingly when we go

to the 4-10 keV band all measurements, in
luding the MOS1, are 
ontained

within a �� of 0.08. Ea
h measurement is 
onsistent with any other at the

1� level, with the ex
eption of the PN singles and PN doubles measurements

whi
h di�er at the 3.5 � level (for more details on this see the PN se
tion).

As far as the 
omparison with the BeppoSAX MECS is 
on
erned, we �nd

that in the 3-10 keV band all EPIC measurements, ex
ept for the MOS1, are

in good agreement with the MECS measurement. For the 4-10 keV the MECS

slope is 
onsistent with all EPIC slopes, indeed the MECS 1� 
on�den
e re-

gion en
ompasses all the EPIC measurements. Considering that BeppoSAX

and ASCA are no longer operational and that Chandra's e�e
tive area drops

sharply above 6 keV, the observation at hand is likely one of the best we have

to perform a hard band 
ross-
alibration between XMM-Newton EPIC and

another X-ray experiment on a di�erent observatory. Thus the fa
t that the
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MECS measurements in the 3-10 keV and 4-10 keV band are 
onsistent with

all EPIC measurements, ex
ept of 
ourse the MOS1 measurement in the 3-10

keV band, implies that 
ross-
alibration has been a
hieved to the available

statisti
al level and that it is unlikely that BeppoSAX, or any other satellite

for that matter, will be able to pla
e more stringent 
onstraints on spe
tral

parameters derived with EPIC in the hard band. From now on e�orts will

have to be 
on
entrated on improving the MOS / PN 
ross 
alibration. Here

we are left with two problems: the MOS1 response in the 3-10 keV band and

the PN singles and doubles in
onsisten
y in the 4-10 keV band. Given these

problems we may quantify the residual systemati
 indetermination on the

spe
tral slope �

�

to be 0.02 in the 3-10 keV band (if we ex
lude the MOS1

result) and 0.04 in the 4-10 keV.

5 Summary

The main results of this Report may be summarized in the following bullets.

� MOS Spe
tra

{ At the observed rate of � 17 
ts/s MOS1 and MOS2 spe
tra show

signi�
ant pile-up in the PSF 
ore. This is borne out by the

standard epatplot analysis, the pattern ratio analysis des
ribed in

se
tion 1.1, the pattern 0 vs. pattern 0-12 spe
tral �tting (se
tion

1.2) and the diagonal pattern analysis (se
tion 1.3).

{ In se
tion 1.3 (see Appendi
es A and B for details ) we provide a

formula to 
orre
t pattern 0 spe
tra from pile-up. The formula 
an

be used for any sour
e provided that pile-up is relatively modest,

(i.e. pile-ups involving 3 or more photons are negle
ted). Appli-


ation of this formula to the MOS data shows that in the 
ase at

hand pattern 0 spe
tra are only mildly distorted by pile-up.

{ Pattern 0-12 spe
tra are substantially distorted by pile-up, mea-

sured spe
tral indi
es are 
atter than they would be in the absen
e

of pile-up and features appear at the position of the Si and Au

and edges, these are due to piled up events whi
h �ll-up the sharp

drops expe
ted at these energies.

� PN Spe
tra
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{ PN spe
tra are not signi�
antly piled-up, this is borne out by the


omparison of singles and doubles spe
tral �ts and by the epatplot

analysis.

{ PN doubles spe
tra are 
atter (�� � 0:04 ) than PN singles

spe
tra, the most likely 
ause for this di�eren
e is a an error in

the doubles to singles relative quantum eÆ
en
y in the 8-10 keV

range.

� MOS / PN 
ross 
alibration: in the 3-10 keV band MOS2, PN singles

and PN doubles measurements are all found within a �� � 0:03, only

MOS1 returns a signi�
antly 
atter spe
tral slope.

� EPIC / MECS 
ross 
alibration: EPIC measurements, with the ex-


eption of the MOS1 measurement in the 3-10 keV band, are in good

agreement with the MECS measurements.
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A Appendix A

Let us 
onsider the 
ase of a sour
e illuminating the MOS CCDs homoge-

neously. Let us also assume that the only form of pile-ups are two photon

pile-ups (i.e. we negle
t pile-ups due to 3 or more events). The spe
trum of

singles in the no pile-up limit S(E) per frame per pixel may be written as:

S(E) = S

obs

(E) + S

lost

(E)� S

gain

(E); (A1)

where S

obs

(E) is the observed pattern 0 spe
trum, S

lost

(E) is the spe
-

trum \lost" to singles and higher order pattern pile-ups and S

gain

(E) is the

spe
trum gained from single-single pile-ups. The spe
trum of events gained
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from pile-up S

gain

(E) 
an be expressed as a 
onvolution of the non-piled up

spe
trum with itself.

S

gain

(E) =

1

2

Z

E

1

S(E

1

) � S(E � E

1

) dE

1

: (A2)

To derive the lost spe
trum we must �rst re
all that the loss of events

does not result in a distortion of the spe
tra shape. Indeed the probability

of an event to be piled-up is independent of its energy. Thus the loss will

simply result in a redu
tion of the normalization of the spe
trum whi
h 
an

be readily estimated from the formulae reported in Ballet (1999). The rate

of re
orded monopixels events per frame per pixel 
an be expressed as:

�

1

= (e

�

1

�

� 1)e

�


1

�

(A3);

where: � is the in-
oming X-ray 
ux/pixel/frame, 


1

= 9+3�

2

+6�

3

+7�

4

and

�

1

, �

2

, �

3

and �

4

are the fra
tion of events giving rise to monopixels, bipixels

tripixels and quadripixels in the no pile-up limit, Sin
e the above parameters

vary with energy, their a
tual values are 
omputed by averaging over the

whole spe
tral range. Equation (A3) is easily understood, if we expand the

�rst term in a Taylor series we �nd �

1

� + (�

1

�)

2

=2+ (�

1

�)

3

=3+ ::: the �rst

term in the expansion is the expe
ted rate in the no pile-up limit, the se
ond

term a

ounts for the gain from 2 photon pile-up, the third term for the gain

from 3 photon pile-up and so on. The se
ond term in Eq. (A3), e

�


1

�

, is a

loss term, in the no pile-up limit it redu
es to 1. For modest pile-up it may

be expressed as (1�


1

�), where 


1

� a

ounts for the events whi
h have been

lost to form piled up singles doubles tripixels and quadripixels. Under this


ondition the rate of lost events may be written as �

1 lost

= 


1

�

1

�

2

. Similarly

it 
an be shown that the spe
trum of lost events may be expressed as:

S

lost

(E) =




1

�

1

(�

1

�) S(E); (A4)

where �

1

� =

R

E

S(E)dE and

R

E

S

lost

(E)dE = �

1 lost

.

Both the spe
trum of gained events, S

gain

(E), and lost events, S

lost

(E),


an be estimated from the spe
trum of diagonal events (patterns 26-29).

To avoid 
onfusion we shall 
all S

dia

(E) the spe
trum observed in diagonal

patterns and S

dia p0

(E) the spe
trum of pattern 0 re
onstru
ted by splitting

ea
h diagonal event into two pattern 0 events. As far as the S

gain

(E) term
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is 
on
erned we re
all that diagonals are produ
ed from the pile-up of two

pattern 0 events just as piled-up singles. Thus the di�eren
e is only in the

normalization, whi
h for diagonals is 4 times larger to a

ount for the 4

possible positions of the se
ond event giving rise to the diagonal. We may

then write:

S

gain

(E) =

1

4

S

dia

(E): (A5)

Similarly S

lost

(E) may be related to S

dia p0

(E), if we re
all that lost single

events are either lost to permitted singles, doubles, tripixels and quadripixels

or to diagonals, i.e.: S

lost

(E) = S

per p0

(E) + S

dia p0

(E), where S

per p0

(E) is

the spe
trum lost to permitted patterns and S

dia p0

(E) is the spe
trum lost

to diagonals. S

per p0

(E) and S

dia p0

(E) are related to S(E) as follows:

S

per p0

(E) = 


1 p

�S(E); S

dia p0

(E) = 


1 d

�S(E);

where the loss 
oeÆ
ient 


1 d

, whi
h may be derived from Eq. (A3) or

(A4) of Ballet (1999) is 


1 d

= 4�

1

and 


1 p

is obtained from the relation




1 p

= 


1

� 


1 d

. From the above it follows that S

lost

(E) may be easily

re-written in terms of S

dia p0

(E):

S

lost

(E) =




1

4�

1

S

dia p0

(E): (A6)

B Appendix B

The equations derived in Appendix A refer to the 
ase of a sour
e illuminating

the MOS CCDs homogeneously. In this Appendix we shall see how they may

be extended to a generi
 point sour
e with a surfa
e brightness des
ribed by

the MOS PSF. Let us start by de�ning S(E; r) as the spe
trum per pixel

per frame at the radial distan
e r from the 
enter of the surfa
e brightness

distribution in the no pile-up limit.

Sin
e the size of the MOS pixels is smaller than the PSF of the XMM

teles
ope the equations derived in Appendix A are all appli
able lo
ally. For

instan
e we may write:

S(E; r) = S

obs

(E; r) + S

lost

(E; r)� S

gain

(E; r): (B1)
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In the 
ase of S

gain

(E; r) we may write:

S

gain

(E; r) =

1

2

Z

E

1

S(E

1

; r) � S(E � E

1

; r) dE

1

: (B2)

We may de�ne a mean spe
trum as follows:

�

S

gain

(E) �

R

r

max

r

min

2�rdrS

gain

(E; r)

R

r

max

r

min

2�rdr

: (B3)

As for other equations derived in Appendix A Eq. (A5) applies lo
ally.

i.e.:

S

gain

(E; r) =

1

4

S

dia

(E; r): (B4)

Substituting Eq. (B4) in (B3) and de�ning

�

S

dia

(E) �

R

r

max

r

min

2�rdrS

dia

(E; r)

R

r

max

r

min

2�rdr

; (B5)

we obtain the generalization of Eq. (A5):

�

S

gain

(E) =

1

4

�

S

dia

(E): (B6)

Similarly if we de�ne

�

S

lost

(E) �

R

r

max

r

min

2�rdrS

lost

(E; r)

R

r

max

r

min

2�rdr

; (B7)

assume Eq. (A6) to be valid lo
ally, i.e.

S

lost

(E; r) =




1

4�

1

S

dia p0

(E; r); (B8)

and de�ne

�

S

dia p0

(E) �

R

r

max

r

min

2�rdrS

dia p0

(E; r)

R

r

max

r

min

2�rdr

; (B9)

we derive the generalization of Eq. (A6):

�

S

lost

(E) =




1

4�

1

�

S

dia p0

(E): (B10)
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Integrating Eq. (B1) over the sour
e surfa
e brightness we derive

�

S(E) =

�

S

obs

(E) +

�

S

lost

(E)�

�

S

gain

(E); (B11)

�nally substituting Eq. (B6) and (B8) in (B11) we obtain

�

S(E) =

�

S

obs

(E) +




1

4�

1

�

S

dia p0

(E)�

1

4

�

S

dia

(E): (B12)
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