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What is SIXTE?

source model

(instrument model)

Simulation of X-ray TElescopes
SIXTE simulates the full detection chain from the astrophys-
ical source through imaging and detection.

The simulation output are standard FITS files.

=AU

Tools for image creation, spectral extraction, exposure
maps and ARF generation are provided as part of SIXTE.

Note: Source and instrument models are separate. Source
definitions can be re-used for any instrument!
source instrument
a ) é o RMF )
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What is SIXTE? SoxTen EAU
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Energy [keV]

Spectra extracted from central region. Note:
SIXTE will model spectral-spatial variability. Also supported by other tools: simx, SOXS, MARX,
pXSIM
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What is SIXTE? SoxTen EAU

eROSITA Athena X-IFU

Many types of simu-
lation possible:

® all-sky simulation
(eROSITA)

® deep survey
(Athena WFI)

® galaxy cluster
(Athena X-IFU,
XRISM Resolve)

XRISM Resolve
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Who uses SIXTE? Sixres EAU

Suzaku

Main use case: assess performance of X-ray telescopes.

SIXTE is the official end-to-end simulator of many planned X-ray missions:
® NewAthena (DePFET Array WFI, Microcalorimeter X-/FU)

e AXIS (CCD Detector, Chandra successor)

® THESEUS (Lobster-Eye Telescope SXI, Coded Mask Instrument XGIS)

For SRG/eROSITA, SIXTE also provided mock data for ground segment
software development.

For XMM-Newton and XRISM, SIXTE is used for proposal writing.
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How to use SIXTE Sixres EAU

Two main ways:

Local installation
Generally the recommended solution.
Either download the code and build it, or use our Docker container (fausixte/sixte) — see

https://www.sternwarte.uni-erlangen.de/sixte/installation/

Remote installation
SIXTE installations are available on the JHU SciServer and ESA Datalabs — contact the SIXTE support

mailing list to join:

sixte-support@lists.fau.de
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SIXTE development EAU

In Nov 2024, released SIXTE 1 F |

I I

version 3 after (mostly internal) i

refactoring. 08 L

Since then, SIXTE received sev- | 06

eral updates, including support |

for new missions, tool upgrades S 04 L

and performance improvements '

see right). i

( ght) 0 L

To stay up to date, subscribe to . i ] |
| |

the SIXTE users mailing list (see '
Contact tab on the SIXTE web- X-IFU ¢ROSITA TM1 Full WFI

page) Run times of old and new SIXTE versions for selected simulations.

v2.7.2
v3.2.2 |4

Normalized Runtime
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Ray Tracing EAU

source instrument
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Building extended source SIMPUTs



SIMPUT format

S

=AU

To build more complex SIMPUTSs,
need to understand the format.

A SIMPUT catalogue is made of mul-
tiple sources.

Sources always have a position, flux
and spectrum.

Sources optionally have (scaled) im-
age, and timing data.

1
2

Source Catalog Extension

SPECO01 -
SPEC01 -

SRC_ID SRC_NAME RA DEC IMGROTA IMGSCAL FLUX E_MIN E_MAX SPECTRUM IMAGE

NULL
IMGO1=-

TIMING
LCO1 —
LC02

Y

l SPECO01 |

l IMGO1 | |

l LCO1 l l

l LCO02 l
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Defining a spectrum Soxres EAU

10000
In SPECTRUM extension, spec- =
ify a spectrum via its flux density > 1000
F(E). 2
% 100
SIXTE can build this from 2
XSPEC/ISIS models or ASCI & 10
files. Z
You can also write them your- Z 1
self! g
é 0.1
Note: Energy grid should be bet- —
ter than instrument spectral res- - 0.01 N D .

olution!
0.1 1 10

ENERGY [keV]
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Adding an image e EAU

Simplest extended source: Attach an image to a point source. Here: Chandra image of LMC N132D

X-IFU

Problem: Spectrum does not vary with position!
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Subdividing a source Sixes EAU

To vary spectrum with position: Subdivide your source.

Divide one astronomical object into multiple sources in a
SIMPUT catalogue.

Need to create separate images for each component. Note:
Component images can also overlap, e.g., for 3D struc-
tures.

Example: Sphere divided into two hemispheres.
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simputmultispec Soaee EAU

For creating extended source SIMPUTs subdivided by spectral parameters, use the tool simputmultispec.

Input: 2D maps of flux and spectral model parameters.

Example: Maps of kT and Metal abundances of Abell 2146 for an apec model.

Flux Temperature Metal Abundance
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simputmultispec SixTee =AU

User supplies number of grid
points to subdivide parameters
into.

Here: Two abundances, three
temperatures

Abundance

simputmultispec subdivides
image accordingly and gener-
ates spectra for each parameter
combination, providing one
output SIMPUT file.
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simputmultispec SixTes =AU

X-IFU simulation of this SIMPUT shows spectra varying with position.
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simputmulticell

Alternate approach:
simputmulticell

Make a “cloud” of
point sources with
varying spectra. Use-
ful for 3D models.

Example:
~ 10° cells with a

100 x 100 parameter
grid, only using 226
unique spectra.

Problem: Both tools scale poorly with many independent parameters.

=AU

H RA B OEC B FLUX BT B FE_ABUND B NORM

Select 1} 1} 1) D 1} 1}

u All dedqrees dedrees ergsicm2/keV/s ke¥

Invert Modify Modify Modify Modify Modify Modify
1 -4.110574178312E-02 | -4.1105731204425-02 | 6.812160145550E-19 | 4.01401301124098+00 | 2.3625333001845-01 | 2.2734246097005E-10
2 -4.110488700352E-02 | -4.1104676425492-02 | 7.0233740758028-19 | 4.0481866386105+00 | 2.3790741575308-01 | %.5290457570918-10
3 -4.11040322509482-02 | -4.1104021662108-02 | 7.242368032336098-19 | 4.0822680532308+00 | 2.39568031303225-01 | 5.795041582877E-10
4 -4.1103177550958-02 | -4.1103166974268-02 | 7.4695316777148-19 | 4.1162479840705+00 | 2.4127223662708-01 | 9.0716078461262-10
5 -4.1102322875028-02 | -4.1102312301972-02 | 7.705141579676E-19 | 4.1501171495138+00 | 2.4298339575108-01 | 9.3579580158372-10
5 -4,1101465240618-02 | -4.1101457665218-02 | 7.9495747574948-19 | 4.1538662670148+00 | 2.4471399772328-01 | 9.6546241633048-10
7 -4,1100613635748-02 | -4.1100603064008-02 | 5.2032030699938-19 | 4.2174860553908+00 | 2.464642376077E-01 | 9.9626578048298-10
3 -4.10997590T240E-02 | -4.10997484095335-02 | 8.4AR4149272092-19 | 4.250967261163E+00 | 2.48234317827688-01 | 1.028253077A91E-00
9 -4.1098904541A0E-02 | -4.1098E803965195-02 | 8.7396163386248-19 | 4.2543006354658+00 | 2.5002443475436-01 | 1.061433A145238-00
10 ~4.109B805004634E-02 | -4.1098039473585-02 | 9.0232315407378-19 | 4.31747R072772E4+00 | 2.5183478126408-01 | 1.095878914777E-00
11 ~4.1097195586A0E-02 | -4.1097185014505-02 | 9.321770382099638-19 | 4.3504871043658+00 | 2.536A55462748E-01 | 1.1316428172438-00
12 ~4.1096341162408-02 | -4.10096330590962-02 | 0.6234963075048-109 | 4.3833210007852+00 | 2.555169142367E-01 | 1.16878157680972-00
13 —4.10954867T372E-02 | -4.1005476202945-02 | 09.0410931016082-19 | 4.4159723252005+00 | 2.573600646070E-01 | 1.2073539605348-00
14 -4.1094632420568-02 | -4.1094621550445-02 | 1.0270999504298-15 | 4.4454293523138+00 | 2.59282171275868-01 | 1.2474213997938-09
15 -4.1093775102938-02 | -4.1093767533472-02 | 1.0613744390028-15 | 4.4506840657595+00 | 2.6119640197525-01 | 1.28904580124948-09
16 -4,1092923820828-02 | -4.1092913252028-02 | 1.096987E600118-15 | 4.5127276224138+00 | 2.6313191762208-01 | 1.3323008072138-09
17 -4,1092069574228-02 | -4.1092059006088-02 | 1.133997E595688-15 | 4.5445512691348+00 | 2.65085887164118-01 | 1.3772497559378-09
13 -4.1091215363158-02 | -4.109120479566E-02 | 1.1724A45951518-18 | 4.576A14A3510198+00 | 2.AT0AT40024905-01 | 1.4230679236209E-00
19 -4.10903A118T58E-02 | -4.109035062076E-02 | 1.212450875867E-18 | 4.A07TS5043194328+00 | 2.A00ATAAAAR40E-01 | 1.4725315914698-00
20 —4.108950704753E-02 | -4.1089496481365-02 | 1.254022261704E-18 | 4.63E61ATI00108+00 | 2.710897703933E-01 | 1.523020382507=-00
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Custom approaches

Extreme example: Use 3D simulations of extended sources

S P
KTL/ :

=AU

E= 1.850 keV
10 Boooln"lb 20 - 25 30 ﬁ' 40 45 175
7000 10 5 L1s
() -
. . 4000 4 128
Here: Use Cas A simulation of Or- 000" A VLo J2 fuoog
. 2080, . M AN AN AT E 7 S lo7ss
lando et al. (2016) as input. it Ay YR AN VRIS 2 [0
10 X "If'_.',-_;_ AW W \ 5 r0.50
. . . avimivatkivi - 1|,
Subdivide into 191° voxels (depth in- jUT.l* — 1
o — 3 0 10.00
cluded) and generate spectra, then 10 ik Lkt ik 1w 1w 0 W 0 » B
sum up spectra along line of sight E= 1.850 keV
= 23381 individual spectra, 4.4 GB e = = e — .
Parameters vary strongly along line of : / o
. . . . 4 '
sight, including redshift! - 5 fos
EB 2% nia%
4 0.4
1
2{ — l— 0 Ej
0 10 20 30 40
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Custom approaches EAU

Extreme example: Use 3D simulations of extended sources

E= 1.839 keV
20.0 —— NewAthena XIFU
17.5
15.0
12.5 1074
N 10.0
2 75 £
% 5.0 §
é 2.5 5101-
After simulation, make subimages scanning over
100

Si-Line 0.0

—— XRISM Resolve

= 3D tomography 0.125

102 J

Counts/bin

101 ]

0.000
100 4

165 1.70 175 1.80 185 190 1.95
Energy (keV)
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Photon Lists

SIMPUTs can also use photon lists.

You can use photons lists instead of the
SPECTRUM, IMAGE, or TIMING columns.

SIXTE then samples from this list instead of gen-
erating photons itself.

This gives maximum flexibility, BUT:

® Photon lists must be mission independent, so
generated with a “flat” effective area.

® To avoid resampling photons, photon lists
must contain many more photons than you
expect to observe!

Example: Photon lists generated using the
SOXS package.
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Running simulations



Running Simulations Sixre EAU

Often the simplest part of the workflow. Things to consider:

® |Instrument mode
Filter? Defocussing?
® Exposure time
One exposure? Multiple GTls?

® Pointed or slewing observation?

Once decided, simply run sixtesim.
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Analyzing simulations



Analyzing simulations ST EAU

Generally: SIXTE event files are FITS files!

You can analyze them with anything that can read FITS!

For some common tasks, prewritten tools are available.
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B FAU

Making images

Use the imgev tool.

Using the FITS extended filename syntax, can also
easily extract images in energy bands!
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Extracting spectra Sixes EAU

Use the makespec tool.

Using the FITS extended filename syntax, can also easily extract spectra for individual pixels, events of a
given grade, ...

Also includes support for region and GTI files.

-4l
10 3

10°

photons/cm? /s

-
<
(=}

s/ guo /suojoyd

-
<
5
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ST EAU

Extracting ARFs

For more complex sources, spatial-spectral mixing becomes a
problem — see talk by F. Mernier.

Simplified problem: Imagine source split into two regions, red and
blue.

Resolve image shows strong cross-contamination of source ex-
traction regions - need to fit both simultaneously!

1 2 4 8 7 35 69 139 278
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Extracting ARFs ST EAU

100
East Region

The tool sixte_arfgen allows extraction of the relevant ARF
files for such spectral fits:

—_
S
=]

For a given observation (including attitude!), detector and source West Region

(either point source, or source described by a SIMPUT file), cal-
culate the ARF of this source in a given region.

Effective Area [cm?]
2 o ®
S 3 3

\®}
)

]

] ] ] ] | ] ] ] ]

(]
—_
]
o
=]
(98]
]

Energy [keV]
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Extracting ARFs e EAU

ARFs are generated in a Monte Carlo approach: For every Nyinth ARF bin, gen-
erate Nyhot photons, evenly spaced across observation duration.

The fraction of photons that hit the detector and were reprojected into the given
sky region are used to calculate a modified ARF.

Example (right):

® Generate 100k 2keV photons from source

® 98k photons are imaged by telescope

® 69k photons reach detector

® 55k photons are reprojected into target region

= At 2keV, generated ARF value is 55 % of on-axis ARF.

R
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Extracting ARFs

SixTes EAU

Note: Due to Monte Carlo approach, generated ARFs are subject
to sampling noise.

Need to use many test photons, depending on use-case.

Can also generate multiple ARFs on a larger cluster and calculate
average.

100
80
60

40

V]
oS O

Effective Area [cm?]
x o
SRS

[N )
o o O
Tt 1T T T T

]

East Region

West Region

| 1 1 1 h | I 1 1

—
-
[N}
S
(%)
=

Energy [keV]
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Additional Information

Sixres FAU

SIXTE can optionally write out some intermediate
products:

® List of generated photons
® List of photon impacts on the focal plane

Photons are also tracked through the simulation with a
unique photon ID and the ID of their SIMPUT source.
This can be useful!

Example: Estimate the degree of cross-contamination
in one region of our previous example.

cts/s/cm™2

—_
S
[¥,]

i
S
S
S
O

Cross contamination fraction

0.8

0.6

0.4

0.2

East Region

Energy [keV]
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Summary Sixre s EAU

Most complex part of extended source simulations is generating the SIMPUT

For certain approaches, we already have existing tools (simputmultispec, simputmulticell).

Otherwise: SIMPUTs are FITS files — once you understand the format, you can make your own.

When analyzing data, especially spectra, consider spatial-spectral mixing

Use the SRC_ID in event files to track this, and sixte arfgen for spectral fitting.

Thank you for your attention!
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