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v Launched on 7 September, 2023
(from Tanegashima Space Center, Japan)
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v General Observer (GO) cycle #1 completed
v General Observer (GO) cycle #2
v General Observer (GO) cycle #3 proposal deadline on Feb 27, 2026

- . :
g v Mission is nominal,
. v ...however, gate valve (Be window) has not opened
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Challenges ot analysing...
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Branching ratios
(bright sources)

Limited statistics

Calibration
uncertainties
(gain, LSF, etc.)

Spatial Spectral
Mixing (SSM)

Background and

foreground




L imited statistics




Limited statistics

v’ Optimise your analysis methods (see talks by Liyi Gu, Peter
Boorman, Johannes Buchner, Simon Dupourqueé, etc.)

sk for more exposure ®

& b i
. s ® y .A
.
b B, '« . - ’ .
4 . L L M .
B . - - .
“ R ° & »s : N
"\ o . % o 4 .
N me L o L AP . N el ¥ A
.. s+ ' a . e 2 “".\
f v . . s ‘-.,_.,..:_ : 3
L . v
e P e Y e, =

a more sensitive telescope

Bee Xy
R .
. " O
» L
»
o
.
,



Calibration
uncertainties




Energy gain calibration
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Energy gain calibration

Flight calibrakion

Fiducials: Gain tracking using the
Filter Wheel 55Fe source during
Earth eclipse

(Centaurus cluster for ~7 days)
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dat Credit: F. S. Porter

Eckart et al. (2025)

High-energy campaign (GV closed)
—— Low-energy campaign (GV open)
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Energy gain calibration

Flight calibrakion

Fiducials: Gain tracking using the
Filter Wheel 55Fe source during
Earth eclipse

(Centaurus cluster for ~7 days)

~Energy (eV)

12:00 AM 12,00 AM 12:00 AM 12:00 AM 12:.00 AM 12:.00 AM 12200 AM

12/29/23 12/30/23 12/31/23 111724 1224 1324 1/4124 .
dat Credit: F. S. Porter

Schipman et al. (2024)

GVC: no Line access MXS 1 Spectrum
bQEMQQV\ 2 - & - l«f\?_\} LA 1 o B K CrKg NI K, Cuk, Cukg
flight calibration! ) ’

5.4-9 keV: 0.3 eV uncertainty
<5.4 keV: ~1 eV uncertainty

Counls/s/2eV

. : 2 “ 6 8 10
gtigh& Energy (keV)
: Fig fi: MXSI| (prame) in commissioning. This figure shows a standard spectrum of MXS1. The pulse parameters are
, L- b %- . described in the text. The characteristic lines of Cr K, Cr Kz, Cu K, and Cu K g as well as N1 K, are labeled. The
CAaLL/TA Lo continuum is due W bremsstrahlung within the MXS device.




Line spread function (LSF) and energy resolution

Fixed pixel, all energies

Fixed enerqgy

Requirement

FWHM (eV)

—— flight model
e flight measurements

Pixel 35 —— ground model
. ground measurements

Resclution (8V, FWHM)

4 6 8 10

T T
15 20
Pixel Number

Energy (keV)

- data
— fit
natural line shape

Resolution: 4.38 + 0.03eV FWHM
Energy scale error: 0.01 = 0.01 eV

Counts/0.3 eV bin

Porter et al. (2025)

Note: The LSF is not

5870 5890
Porter et al. (2025) Energy (2V)

entirely Gaussian!
(accounted for in the RMF)




Spatial Spectral Mixing
(SSM)




Point spread function (PSF) and field of view

PSF

(0.5” FWHM, on axis)

PSF

(6”7 FWHM, on axis)

Field of view
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XMM-Newton EPIC Chandra ACIS



Point spread function (PSF) and field of view

/ Field of view

PSF e £

(1.3’ HPD, on axis)

Field of view

(38’ x 38") 1 3, 1 .3,
2 _ Dy 2 _ 43% (!
35 = 2% 5 = 43% (1)

XRISM Xkend XRISM Resolve



Point spread function (PSF) and field of view

/ Field of view

PSF o)

(1.3’ HPD, on axis)

Field of view

(30" x 30°) 1.3’ 1.3’

2 _ 2y 2 _43% (!
33 = 2% S = 43% (1)

XRISM Xkend XRISM Resolve



Spatial-Spectral Mixing: internal vs. external

Internal SSM:

v" When the emission within the same field of
view mixes across pixels and “contaminate”
other regions within the same field of view

v Examples: supernova remnants, complex star-
forming regions, clusters with cavities, etc.




Spatial-Spectral Mixing: internal vs. external

External SSM:

v" When sources outside the detector
contaminate the detector region istelf

v Examples: outskirts of a cool-core cluster,
bright AGN nearby an extended source, etc.




A (very) simple example...

Cross-contamination-of V1

> >
5 arcmin

Spatial mixing...

* Fraction of /2 photons mixing into the V1 region: 17%
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* Fraction of /1 photons mixing into the V2 region: 15%

Credit: T. Yaqoob
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A (very) simple example...

Cross-contamination fraction = 0.16 |credit: T. Yagoob 55-contamination fraction = 0.16
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A (very) simple example...

Equal fluxes reference Credit: T. Yaqoob | Equal fluxes reference
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Addressing the problem




Ready to fall into the rabbit hole...?
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A concrete case (Virgo cluster)

v CAPITAL letter (C, E, NW, SW): sky region

(“true” regions you want to investigate, spectral models, etc.)
NW

v small letter (c, e, nw, sw): detector region
(“output” counts and spectra)

SW
A

_|_

v Si = observed spectrum of detector region i

v M, = spectral model of sky region J -|-_|_ +

v R; = response matrix (RMF) of detector region i

cts/s
_|_
——
_|_
_|_

v A; = effective area (ARF) of detector region | >




A concrete case (Virgo cluster)

v CAPITAL letter (C, E, NW, SW): sky region
(“true” regions you want to investigate, spectral models, etc.)

NW

v small letter (c, e, nw, sw): detector region
("output” counts and spectra)

SW ‘arm’

v Si = observed spectrum of detector region | ¢
v M, = spectral model of sky region J

v R; = response matrix (RMF) of detector region i é

v A; = effective area (ARF) of detector region |




A concrete case (Virgo cluster)

v CAPITAL letter (C, E, NW, SW): sky region

(“true” regions you want to investigate, spectral models, etc.)
NW

v small letter (c, e, nw, sw): detector region
(“output” counts and spectra)

SW ‘arm’

v Si = observed spectrum of detector region |

v M, = spectral model of sky region J

v Ri = response matrix (RMF) of detector region | P

v A; = effective area (ARF) of detector region |




A concrete case (Virgo cluster)

v CAPITAL letter (C, E, NW, SW): sky region

(“true” regions you want to investigate, spectral models, etc.)
NW

v small letter (c, e, nw, sw): detector region
(“output” counts and spectra)

oW ‘arm’
v Si = observed spectrum of detector region | T/'I
v M, = spectral model of sky region J |
v R; = response matrix (RMF) of detector region i %
v A; = effective area (ARF) of detector region i >




A concrete case (Virgo cluster)
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A concrete case (Virgo cluster
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A concrete case (Virgo cluster
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A concrete case (Virgo cluster
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A concrete case (Virgo cluster

Sc = AC Rc [PC—'C MC + PE—'c ME




A concrete case (Virgo cluster)

Mnw

Ac Rc [PC—’C MC + PE—’C

Sc =
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Se = Ae Re [PC—’e MC + I:)E—'e |\/lE + I:)NW—'e |\/lNW + I:)SW—’e MSW]



Snw = Anw Rnw [PC—’nw MC + I:)E—’nw I\/lE + I:)NW—’nw |\/lNW + IDSW—’nW I\/lSW]



st = Asw st [PC—’SW MC + I:)E—'sw I\/lE + I:)NW—'sw |\/lNW + I:)SW—’SW MSW]



A concrete case (Virgo cluster)

[Pcc Mc + Pe-sc Mg + Panw—c Maw + Pswoc Msw
= [Pcse Mc + Pese Mg + Paw—e Mnw + Pswoe Msw
[Pc—nw Mc + Pe-nw Mg + Paw-nw Maw + Psw—nw Mswl
[Pcosw Mc + Pe—sw Mg + Paw—sw Mnw + Psw—sw Msw]

Effective areas of
detector region i

Response matrices

Observed spectra B
of detector region i

of detector region i

L
1

Si=Ai RiZPJ—»i MJ
N




A concrete case (Virgo cluster)

Sc = Ac Rc [PC—’C MC + PE—’C |\/lE + IDNW—’C |\/lNW + PSW—’C MSW]
Se =Ac Re [Pc»e Mc + Pese Mg + Puw—e Maw + Psw—e Mswl
Shw = Anw Raw [Pe=nw Mc + Pe=nw Me + Paw—=nw Maw + Psw—=nw Msw]

SSW = Asw st [PC—’SW MC + I:)E—'sw I\/lE + I:)NW—'SW |\/lNW + I:)SW—’SW MSW]

—_ wm Coefficients of hoton
% mixing from sky region
J into detector region i

Si=Ai RiZPJ—»i MJ
N

4x4= fitted simultaneously to



A concrete case (Virgo cluster)

How to obtain the P,-; coefficients?

= Method 1: leave normalisations of the 16 models
free

= ..Bad idea! (Empirical, black box, too many free
params, degeneracies, etc.)

= Method 2: estimate coefficients from ray-tracing
simulations

= _..Via ARF generator (part of the XRISM data
reduction software)



A concrete case (Virgo cluster)

= Method 2: estimate coefficients from ray-tracing simulations

= ...Via ARF generator (part of the XRISM data reduction software)

point source
>
flat circle
3 Output
x ARF
B-model ,_
3 — "\
Input image (e.g.
Chandra, sim., etc. )
Image
mode

Credits: T. Yagoob




A concrete case (Virgo cluster)

= Method 2: estimate coefficients from ray-tracing simulations

= ...Via ARF generator (part of the XRISM data reduction software)

Attitude histogram Region selection
Input “source type

options J,

point source E
> . | Generate fine-
_ : rid ARF b
flat circle Generate Run xrtraytrace | ! A Y 0
> | fitting EA utput
photons for — Expand ) :
: o ratios & ARF
B-model | raytracing photon (coarse energy i
| list grid for indirect weighted [ —
Inputlmagg (e.g. according > mode) o
Chandra, sim., etc. ) efficiency and
make to filter
photon list  — z.att|tude functions
Image | (from sampling histogram .
mode image)

Credits: T. Yagoob




A concrete case (Virgo cluster)

= Method 2: estimate coefficients from ray-tracing simulations

= ...Via ARF generator (part of the future XRISM data reduction software)

Input “source type”
options

point source

flat circle 1) Xrtraytrace
xaarfgen :
Input image (
Chandra, sim T
eﬂs‘n 5% S \\‘
o .
50/0\—\
> - >

(A x Pjoi) = A




A concrete case (Virgo cluster)

[Pcc Mc + Pe-sc Mg + Panw—c Maw + Pswoc Msw
= [Pcse Mc + Pese Mg + Paw—e Mnw + Pswoe Msw
[Pc—nw Mc + Pe-nw Mg + Paw-nw Maw + Psw—nw Mswl
[Pcosw Mc + Pe—sw Mg + Paw—sw Mnw + Psw—sw Msw]

Effective areas of
detector region i

Response matrices

Observed spectra B
of detector region i

of detector region i

L
1

Si=Ai RiZPJ—»i MJ
N




A concrete case (Virgo cluster)

S Re | [Ac-oc Mc + Ae-oc Mg + Anw-c Maw + Asw—-c Mswl
Se = Re | [Acoe Mc + Agmse Mg + Anw—e Maw + Asw—-e Moyl
Shw = Row [Ac—nw Mc + Ae—nw ME + Anw—nw Maw + Asw—nw Mswl

Response matrices

Observed spectra

of detector region i of detector region |

1

Si — Ri z AJ—»i MJ
N

4x4= fitted simultaneously to



A concrete case (Virgo cluster)

Rc Mc + Mg + Mnw + Msw]
Re Mc + Mg + Mnw + Msw]
Row [ Mc + Mg + Mnw + Msw]
Rsw Mc + Mg + Mnw + Msw]
N

T~~~/ Effective areas of
" detector Clellelal

Si=RiZAJ—>i MJ
N

4 x 4 = 16 models fitted simultaneously to 4 observed spectra



Even more concretely...
AT VY P T,
S

. >




more concretely...

$ xaarfgen telescop="XRISM" instrume="RESOLVE" (..)

regionfile="/path/to/my detector region c.reg"
sourcetype="IMAGE"

imgfile="/path/to/my image of sky region E.fits"




Another concrete case (Perseus cluster)

1' 21 kpc) 1" (21 kpC)

12 detector regions 6 sky regions

(obs1: 2 regions - obs2: 5 regions - obs3: 5 regions) (Larger than detector regions to account for external SSM)

J=01,...,12 i=01,...,6

12 x 6 = fitted simultaneousl




Another concrete case (Sagittarius A*)

35 detector regions
J=0,1,..,35

35 sky regions
i=01,...,35

Si=RinAJ—>i MJ

35 x 35 = 1225 models fitted
simultaneously to 35 observed spectra !!

Problem: XRISM ARFs are very heavy to generate (>1-1.5 hour per ARF)!

= > 51 days on a single-core machine!
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Mitigating the long ARF generation times

" e B 2 8 1. Divide a few regions of interest in a smart
way (e.g. regions with similar special
features, “optimise” the SSM, etc.)...

2. Treat each pixel separately vs “the rest”
(modelled as a block)

3. Ignore regions with virtually inexistent SSM

4. A library of pre-computed PSFs may be made available some time soon (PSFlib)

5. ARFs can be computed over narrow energy ranges too...

6. ...other options with your host institute? (Grid computing, computing clusters, etc.)
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Mitigating the long ARF generation times

" N B 8 1. Divide a few regions of interest in a smart
way (e.g. regions with similar special
features, “optimise” the SSM, etc.)...

2. Treat each pixel separately vs “the rest”
(modelled as a block)

3. lIgnore regions with virtually inexistent SSM

4. A library of pre-computed PSFs may be made available some time soon (PSFlib)

5. ARFs can be computed over narrow energy ranges too...

6. ...other options with your host institute? (Grid computing, computing clusters, etc.)



X-IFU: issue becomes opportunity

1.3

= = 43% (1)



X-IFU: issue becomes opportunity

No need for SSM
modelling in X-IFU
future observations...

197 _ 4y



X-IFU: issue becomes opportunity

No need for SSM
modelling in X-IFU
future observations...

...but XRISM experience on
SSM may help to use the
best of the (X-) IFU

capabilities!

(Pixel to pixel analysis in bright
extended sources?)



Conclusion

v

v Other systematic uncertainties (energy gain & LSF calibration, background,
etc.)

v Substantial SSM is not necessarily “bad” (see above example with ~50% purity)

¥ Data analysis will NOT be a simple XSPEC fit! (e.g. investigation of spectral signatures of
SSM before fitting)

v Recommended to plan a coherent tiling of regions to investigate

v Lessons learned on XRISM may be (very) useful for future X-IFU pixel-to-pixel
analyses



