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What are End-to-End Simulations?

End-to-end (e2e) simulations: Simulation of the full detection chain for an astronomical instrument, from the
astrophysical source through the imaging and detection process to the final data product.

=> Full model of observational setup
E2e simulations have two major “customers”:
Scientists:
* Gauge effect of design onto science: Can science goals be reached with the instrument?
e.g., imaging quality, spectroscopy,. . .
* What other “observatory” science is possible?
* Plan future observations
Instrumentalists:
* Use science examples to study design: What is impact of design onto science goals?
* Translation of instrument parameters <= Science goals
* Estimate instrument performance

e.g., telemetry constraints, CPU constraints

=> Core component of mission design and implementation!
To be useful, e2e software should always represent best understanding of real instrumental performance.



SIXTE Overview

Simulation of X-ray TElescopes
SIXTE simulates the full detection chain from the astrophysical

source through imaging and detection.

NewAthena, eROSITA, XMM, Suzaku, XRISM, THESEUS, AXIS [+HEX-P, ARCUS,
LOFT, IXO, GRAVITAS,.. .]

source model

Simulation output: standard FITS files
looks like a real observation
Analysis tools for image creation, spectral extraction, exposure

maps, and ARF generation are provided as part of SIXTE
output then analyzable w/your favorite analysis tools

(instrument model)

Note: Source and instrument models are separate. Source definiti-
ons can be re-used for any instrument!

source instrument
é ) @ rvE )
effective area vig?gt[t:ing o pLIe-up g
atitude Atitude ackgroun
X-ray source catalog ¢ photon list ¢ impact list ¢ event list
flux / light curve > photon - arrival time L photon > arrival time > photon P read-out time
spectrum generation energy > imaging energy detection measured energy
position / image position (ra,dec) position (X,y) pixel
- J . J




SIXTE Overview

SRG/eROSITA . e 0.3-2.3 keV - RGB

Source model: properties of the sources: Positions, Extended
source/point source, spectral shape, variability, polarization. ..




SIXTE Overview

200 :,
Pidig z
100 & ihs .:.ﬁ T =
% sf %\& Setup of good simulation input is
?-““ 20l " j hard
ol Mj . = Input should be instrument
di m iIndependent and reusable
e | Solution: SIMPUT

Energy [keV]

= instrument independent, used

Spectra extracted from central region. Note: . _
SIXTE will model spectral-spatial variability. by multiple simulators

currently supported by SIXTE, simx, SOXS, and
MARX; general s/w at Remeis SIXTE URL, also
pyXSIM

Per Cluster
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Source Model: SIMPUT

;+AMMﬁMmAHﬁh+-

1

+ _____

1

2
Energy (keV)

2x10*

counts/sec

== 1x10°

sources are characterized by:
* source properties:

— spectral shape
— positions
— light curves, pulse profiles, power specira. . .
— spatial extent
— photon lists from MHD simulations
— “data cubes” (e.g., cosmology)

* format allows reuse of common properties of

sources

e.g., reuse AGN spectra for multiple sources, reuse images of
extended sources,. ..

* catalogs with arbitrary number of sources
scales to millions of sources

* compatible w/other simulators
simx, MARX



Instrument Model

SRG/eROSITA . e 0.3-2.3 keV - RGB

Source model: properties of the sources: Positions, Extended
source/point source, spectral shape, variability, polarization. ..




Instrument Model

SRG/eROSITA . e 0.3-2.3 keV - RGB

Instrument model: properties of the instrument: Imaging parame-
Source model: properties of the sources: Positions, Extended ters, detection process, data processing chain (on board and on
source/point source, spectral shape, variability, polarization. .. ground)



Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:

* Pointing strategy

staring, dithering, mosaicing,. ..
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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* Pointing strategy o

staring, dithering, mosaicing,. .. :
an |

* Imaging: PSF versus raytracing

most simulators use PSF = problem (straylight, PSF
wings,...)!

20 |

10 |

y distance from center [y_det, arcmin]
[}

-20 |

30 |

-a0 -20 -10 0 10 20 30
x distance from center [x_det, arcmin]



Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:

-27.77 }

-27.78 }

* Pointing strategy

staring, dithering, mosaicing,. ..
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* Imaging: PSF versus raytracing

-27.83

y distance from cent:

most simulators use PSF = problem (straylight, PSF
WingS,. .. )! - f;atam;:mm ce:ter [x_dweul‘ arcm?:] *

* Sensor model: RMF versus sensor modeling

no, GEANT is not fully needed, but need to consider non-
linearities (e.qg., pile up), internal effects such as noise maps,
offset maps, charge cloud spreading, lower energy threshold,
sensor geometry, energy resolution [incl. escape peaks], detec-
tion chain. ..
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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* Pointing strategy

staring, dithering, mosaicing,. ..

-27.79 }

er [y det. arcmin]

ec [deg]

-27.8 }

D

-27.81 :—

* Imaging: PSF versus raytracing
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* Sensor model: RMF versus sensor modeling

no, GEANT is not fully needed, but need to consider non-

linearities (e.qg., pile up), internal effects such as noise maps,
offset maps, charge cloud spreading, lower energy threshold,
sensor geometry, energy resolution [incl. escape peaks], detec- O
tion chain. .. il | ;
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:

* Pointing strategy

staring energy pile-up|
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:
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Instrument Model

Typical aspects handled by satellite and instrument model in SIXTE:

* Pointing strategy
staring, dithering, mosaicing,. .. ~
* Imaging: PSF versus raytracing
most simulators use PSF = problem (straylight, PSF S sg.l[lg] e
wings,....)! Bt

ooooooooooooooooooo

* Sensor model: RMF versus sensor modeling

no, GEANT is not fully needed, but need to consider non-
linearities (e.qg., pile up), internal effects such as noise maps,
offset maps, charge cloud spreading, lower energy threshold,

sensor geometry, energy resolution [incl. escape peaks], detec- i
tion chain. .. e |
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CCD Effects — Patterns and Pileup

In CCD (or generally semiconductor) detectors, SIXTE models the spread of photon signals over multiple pixels via a

charge cloud model.

Based on a photon’s impact position and ener-
gy, a frame contains different event patterns.

Example:

Reconstruction of pattern fractions in EPIC
pn on XMM Newton (solid lines) with SIXTE
(dashed lines)

1.0

Pattern Fraction
< < <
S o 00

o
X

S
o

_ — _
singles
doubles
[ triples
— singles+doubles =
L | _|_7_|_|_|—|_| ————— |_—_— L |
0.1 1 10
Energy [keV]

Dauser et al. (2019)



CCD Effects — Patterns and Pileup

In CCD (or generally semiconductor) detectors, SIXTE models the spread of photon signals over multiple pixels via a
charge cloud model.

100 __M,l\\\\l\v‘\\\l\ I I I I | I I I I | T T | T |__
At high count rates, multiple photons may hit = 1— —
the same pixel within the same frame, or form a g o b
fake, valid looking pattern. -
This is called pileup and leads to a distortion of = 001k .
= - | — 0.2Crab .
the spectrum. = sl |— 1Cmb -
= 5 Crab =
Example: Athena WFI fast detector simulation - , S R U T
of a 200 eV black-body at various fluxes. At 10¢ E
high flux, the spectral shape (black, solid) is 2 °F i
. m 2 _
distorted. L s “MMW%M ﬁH ]
0.5 | | | | | | L1 | Ll
1 4 53

Energy [keV]

Dauser et al. (2019)



Design considerations

A comment on software design:

Simulators need to survive full mission life-cycle, i.e., realistically for 20 + x years




Design considerations

A comment on software design:

Simulators need to survive full mission life-cycle, i.e., realistically for 20 + x years

15 years ago: heyday of IDL, Java, ROOT....

= need to use ISO/ANSI standardized languages for simulator kernel, i.e., C, C++, etc., no scripting languages, and

best avoid mixing of GUI and simulator kernel
yes, python is a scripting language



Design considerations

A comment on software design:

Simulators need to survive full mission life-cycle, i.e., realistically for 20 + x years

15 years ago: heyday of IDL, Java, ROOT....

= need to use ISO/ANSI standardized languages for simulator kernel, i.e., C, C++, etc., no scripting languages, and

best avoid mixing of GUI and simulator kernel
yes, python is a scripting language

Comments:
* analysis of simulation: scripting languages are fine!

* | disagree with the argument that it's a problem to find people who know C, C++, Fortran et al. — good programmers
can (and should!) learn new languages
The real problem is the algorithms and their complexity, not the language in which algorithms are expressed!

* Qutput: Data that should be analyzable with standard astronomical analysis software (FTOOLS, XMM-SAS, XSPEC,
ISIS,...)

avoids need to write dedicated analysis software

* SIXTE includes prototypes for all typical data reduction tasks



SIXTE: further information

Installation * Quick Start Workshops * SIMPUT ~ Instruments * Contact

SIXTE - Simulation of X-ray Telescopes

SIXTE - Simulation of X-ray Telescopes

SIXTE is a software package for X-ray telescope observation simulations developed at the
Remeis Observatory (ECAP). It allows to undertake instrument performance analyses and to
produce simulated event files for mission- and analysis studies.

The software strives to find a balance between exactness of the simulation and speed. For
many cases, by using calibration files such as the PSF, RMF and ARF, efficient simulations
are possible at comparably high speed, even though they include nonlinear effects such as
pileup. Setups for some current and future missions such as XMM-Newton or Athena are in-
cluded in the package, others can be added by the user with relatively little effort through
specifying the main instrument characteristics in a flexible, human-readable XML-based
format.

We, the SIXTE Team, have prepared all the information you need to get started with SIXTE
right here on this website:

o For an overview of the SIXTE software package, see Dauser et al. (2019). If you want to
have a more detailed look into what SIXTE is all about, refer to the SIXTE Simulator
Manual (linked below).

o All information to download and install SIXTE can be found in the Installation tab. SIXTE
runs on Linux, as well as on Mac (Intel and M1). Due to a lack of resources, we do not

annnnart Windawe

Access:
* documentation: ~100 p. manual and Dauser et al. (2019, A&A 630, 66)
* help desk: sixte-support@lists.fau.de

* Source code: https://www.sternwarte.uni-erlangen.de/sixte/.
Works on Linux and Mac, git and release versions; also available as docker files and on JHU SciServer, ESA Datalabs, Amazon AWS


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

Current Developments

Current general focus:

* full ray tracing
in addition to PSF sampling; includes SPOs

* Coded mask simulation and deconvolution

* Further improvement of detector physics
= fluorescence, escape peak, Compton shoulder, simplified model for electron transport in Si-detectors

verified with Athena/WF| prototype measurements and TES measurements, ~10° faster than full blown GEANT

* optical loading
including a SIMPUT for the whole sky

* modeling of analogue and digital readout
already parameterized for Athena, eROSITA

* s/w for generation of attitude and orbit files

incl. s/w for modeling uncertainty in reconstruction of these
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MNormalised Counts [s~1 keV~1]

10 L

ZWHIM = 0.4388

Example:

GRBs and WHIM
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Walsh et al. (2020, A&A 642, 24; GRB is at Z = 2)

Counts

10

20 30 40 50
Time [ks]

60

10

ZWHIM = 0.0382

Example: Detection of Oxygen lines from WHIM in

GRB spectra
Uses:
* realistic lightcurve
* realistic spectral shape



Example: Nova

to—4h t() t0+4h

YZ Ret (Nova Reticuli 2020): Extremely bright source seen 2020-07-07, 16:47; no detection 4 h before or after



Example: Nova
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Konig et al. (2022, Nature)
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Example: Nova
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Spectrum “piled up”
(Fo2-10kev = 1.867%33 x 1078 ergcm—2s71)

Modeling: extremely difficult because of de-
tector effects
* black body
kKT = 28.2%0%eV,L = 2.0(1.2) x
108 ergs™', R = 50000 + 18000 km
* atmosphere model
KT = 2717 ,2eV,L = 0.98(22) x
1038 ergs™!, R = 37000 + 2900 km,
logg =6.97 +£0.17
atmosphere yields
Mwp = (0.98 £+ 0.23) M,

consistent w/explosion models; Hillman et al.
(2014)
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(Fo2-10kev = 1.867%33 x 1078 ergcm—2s71)

Modeling: extremely difficult because of de-
tector effects
* black body
kKT = 28.2%0%eV,L = 2.0(1.2) x
108 ergs™', R = 50000 + 18000 km
* atmosphere model
KT = 2717 ,2eV,L = 0.98(22) x
1038 ergs™!, R = 37000 + 2900 km,
logg =6.97 +£0.17
atmosphere yields
Mwp = (0.98 £+ 0.23) M,

consistent w/explosion models; Hillman et al.
(2014)




no dithering dithering
5 ks NewATHENA/WFI observation of Chandra Deep Field



Simulation Output

Perseus Cluster at z=0.0179

50 ks, one chip

1/

Now shift cluster to higher z:

1) Scale cluster size scale via:

. D ers/(1+z ers)2
¢(Z) — prers ' pD(Z)/(1_|_pZ)2

2) Scale flux with luminosity
distance:

Dpers 2
F(Z) — Fpers ’ ( D(z) )



Simulation Output

z=0.075 z=0.1

50kpc 50kpc 50kpc

Perseus Cluster at z=0.0179 RETRE R o\ [t 0.075z - 0.100z -

w/ unsharp masking
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When not to use SIXTE:

but fakeit or similar tools

« fainter point sources (<1 mCrab)

1mCrab: Fy5_skev = 1071 ergem—2s77,
Fo_iokev =2 x 107" ergem=—2s~1,

* quick estimates

When to SIXTE?




When not to use SIXTE:

but fakeit or similar tools

« fainter point sources (<1 mCrab)

1mCrab: Fy5_skev = 1071 ergem—2s77,
Fo_iokev =2 x 107" ergem=—2s~1,

* quick estimates

When to SIXTE?

When to use SIXTE:

and not fakeit

* bright sources (210 mCrab)

i.e., many “famous” AGN

* faint sources Iif background behavior or ex-
posure map matters

* imaging simulations:

galaxy clusters, AGN evolution,. ..

— point source detection sensitivity
— point sources in crowded fields
— extended sources

* variability simulations

e.g., reverberation mapping, pulsations, QPOs,...
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