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First eROSITA data release

eRASS1:
6 month: Dec 2019 — Jun 2020

900 000 catalogue sources

~710000 AGN

~180000 stars
~ 12000 galaxy clusters

MPE, J. Sanders 200 000 spectra / light curves

170 Million photon events



Upper Iimit server

FIU,X(] 2.3k V

Tubin-Arenas et al. 2024
Provides upper limits based on
- exposure
- background
- nearby detected sources




Where can | find all this?

Main DR1 home eR0Dat home Sky view Skytile search + Catalogue search = Upper limits v Download area Basket

erosita.mpe.mpg.de/dri1/

Sky view

[5z000 ]

Various search options: =
- cone search =

- list uploads
- APlIs for cone search and upper limits

- sky view

—Search

|Give object or position and press E‘

| Search catalogue near cursor |

| Search tiles near cursor |

— Show
[J eROSITA skytiles

[] eRASS1 Main catalogue
) eRASS1 Hard catalogue
] ROSAT 2RXS catalogue

il Select image

RGB: 1

—Aladin Lite version

@® Version 2
O Version 3




Where can | find all this?

Main DR1 home eRODat home Sky view Skytile search = Catalogue search = Upper limits » Download area Basket

erosita.mpe.mpg.de/dri1/
Sky view
Various search options:

- cone search

list uploads
APIs for cone search and upper limits

sky view

—Search
[Give object or position and press E |

| Search catalogue near cursor |

| Search tiles near cursor |

—Show
eROSITA skytiles

eRASS1 Main catalogue
[J eRASS1 Hard catalogue
["] ROSAT 2RXS catalogue

[ Select image

RGB: [l
Rate:  [(1](2](3](4)(5](8])(7)
Counts: [1)(2)(3)(4](5][6](7

B8 Aladin Lite version

@® Version 2
O Version 3




eROSITA Standard Analysis Software System
(eSASS)



eROSITA Standard Analysis Software System
(eSASS)
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eROSITA data flow

| eSASS pipeline
Ground station / TEL EXP DET SOuU
IKI [ Each telescope:1 [ Each sky-tile Y [ Each sky-tile or Y [ Each source:
Event calibration or pointing: pointing: Spectra
Tel. attitude Merge data Exposure maps RMF/ARF
GTls for obs. Event files Source detection Light curves
Preprocessor ——» Lmodes / sky tiIesJ \/[mages ) \ Sensitivity maps ) y

Telemetry to FITS

merge & sort NRTA
‘\erodays (4hrs)

Near realtime
anaIyS|s

Products
Raw archive
C Alert archive




eROSITA Standard Analysis Software System
(eSASS) users release

-

Subset of eSASS tasks for interactive analysis

~

Full event calibration not foreseen in the users release
Changes in calibration applied by re-processing of the data archive
Interactive analysis starts with calibrated event file per sky tile /

pointing
« Contains extensions for attitude, bad pixels,

. GTls, dead-time, house-keeping (x 7 telescopes)

[3°x3°

: em01_205153_020_EventList_004_c945.fits-2

emo01_205153_020_EventList_004_c945.fits-3
emO0l_205153_020_EventList_004_c945.fits-4
em01_205153_020_EventList_004_c945.fits-5
em01_205153_020_EventList_004_c945.fits-6
emo0l_205153 020_EventList_004_c945.fits-7
em01_205153_020_EventList_004_c945.fits-8
em0l_205153_020_EventList_004_c945.fits-9

: em01_205153 020_EventList_004_c945.fits-10
: em01_205153 020_EventList_004_c945.fits-11
: em01_205153 020_EventList_004_c945.fits-12
: em01_205153_020_EventList_004_c945.fits-13
: emO1_205153 020_EventList_004_c945.fits-14
: em01_205153_020_EventList_004_c945.fits-15
: em01_205153 020_EventList_004_c945.fits-16
: em01_205153 020_EventList_004_c945.fits-17
: em01_205153 020_EventList_004_c945.fits-18
: emO1_205153 020_EventList_004_c945.fits-19
: em01_205153_020_EventList_004_c945.fits-20
: em01_205153 020_EventList_004_c945.fits-21
: em01_205153 020_EventList_004_c945.fits-22
: emO1_205153 020_EventList_004_c945.fits-23
: em01_205153 020_EventList_004_c945.fits-24
: em01_205153_020_EventList_004_c945.fits-25
: em01_205153 020_EventList_004_c945.fits-26
: em01_205153_020_EventList_004_c945.fits-27
: emO1_205153 020_EventList_004_c945.fits-28
: em01_205153 020_EventList_004_c945.fits-29
: em01_205153 020_EventList_004_c945.fits-30
: emO1_205153 020_EventList_004_c945.fits-31
: em01_205153_020_EventList_004_c945.fits-32
: emO1_205153 020_EventList_004_c945.fits-33
: em01_205153 020_EventList_004_c945.fits-34
: em01_205153 020_EventList_004_c945.fits-35
: em01_205153 020_EventList_004_c945.fits-36
: em01_205153_020_EventList_004_c945.fits-37
: emO1_205153 020_EventList_004_c945.fits-38
: em01_205153_020_EventList_004_c945.fits-39
: em01_205153 020_EventList_004_c945.fits-40
: em01_205153 020_EventList_004_c945.fits-41
: em01_205153 020_EventList_004_c945.fits-42
: emO1_205153 020_EventList_004_c945.fits-43
: em01_205153_020_EventList_004_c945.fits-44
: emOl_205153 020_EventList_004_c945.fits-45
: em01_205153_020_EventList_004_c945.fits-46
: emO1_205153 020_EventList_004_c945.fits-47
: em01_205153 020_EventList_004_c945.fits-48
: em01_205153_020_EventList_004_c945.fits-49
: em0O1_205153 020_EventList_004_c945.fits-50
: em01_205153_020_EventList_004_c945.fits-51
: emO1_205153 020_EventList_004_c945.fits-52
: em01_205153 020_EventList_004_c945.fits-53
: em01_205153 020_EventList_004_c945.fits-54
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eROSITA Standard Analysis Software System
(eSASS) users release

Subset of eSASS task for interactive analysis

evatt Calculate events equatorial positions
radec2xy Calculate sky coordinates from RA, DEC
flaregti Create flare filtering GTls

ebarycen Apply barycentric correction to event times




eROSITA Standard Analysis Software System

(eSASS) users release

Source detection and characterisation

expmap
ermask
erbox
erbackmap
ermldet
ersensmap

catprep

Compute exposure maps (survey or pointing)

Calculate detection mask based on exposure map

Search sources im mage (with or w/o background map)
Calculate background map (masking and adaptive smoothing)
Calculate source parameters using PSF fitting

Calculate maps with expected detection sensitivity

Re-format ermldet output



eROSITA Standard Analysis Software System
(eSASS) users release

Source specific products

apetool Perform aperture photometry and create sensitivity maps

srctool Extract spectra (with ARFs, RMFs) and light curves

The current eSASS users release is eSASS4DR1

https://erosita.mpe.mpg.de/drl/eSASS4DR1/



eSASS detection chain

(expmap:
Creates exposure maps by

projecting instrument map to sky
and integrating over attitude.

Attitude bins: 1 sec for survey
emask:
Creates logical detection masks

based on relative exposure

and/or exposure gradients
\

~

[See Brunner et al. 2022 for full description]

21 4.2 6.4 8.5 11 13 15 17 19 5194 7387 9602 11796 14011 16204 18398 20613 22806

[eRASSl image and exposure map at SEPJ




eSASS detection chain

N

 erbox:
Sliding box detection
with smoothing kernel

\. J

(erbackmap:
Calculates background maps using source masking and adaptive smoothing

Pipeline iterates erbox and erbackmap 3 times for final background map
.




ermldet:

PSF fitting using maximum
likelihood ratios
(Cash 1979)

Modelling of extended
sources with beta model

Multi PSF fitting in crowded
areas

eSASS detection chain




eSASS detection chain

ermldet PSF modes:

significant PSF variation over FOV:

On axis HEW: ~18 arcsec
Survey HEW : ~26 arcsec

3 PSF modes:
1) 2D PSF image
2) Shapelet PSF model

3) Event based fitting (unbinned
likelihoods with shapelet PSF)

Al K 0.0 arcmin Al K 6.0 arcmin Al K 12 arcmin

Al K 18 arcmin Al K 30 arcmin Al K FOV

[eROSITA PSF, Panter measurements at 1.5 kevj




PSF modelling with shapelets

Decomposition of (suitable) distributions into orthonormal basis functions:

Refregier (2001), Refregier & Bacon (2001)

00 0,1 02 03
10 1.1 12 13
20 21 22 23
30 31 32 33

2D basis functions




eSASS detection chain

Al-K on-axis

(Shapelet PSF

Implemented in eSASS library shapelib
(A. Georgakakis)

Fits to Panter PSF stored in calibration files:
3 shapelet scales with up to 66 coefficients
6 energies, 13x13 FOV positions. Al-K x,y =20, 20°

Averaging or interpolation of PSF can be
performed on shapelet coefficients. ‘

Called by ermldet to provide source

averaged PSF or event specific PSF (event
based fitting)

Panter shapelet residuals
\- / reconstruction




eSASS detection chain

~

Event based PSF fitting
PSFs reconstructed for each photon event
Optionally convolved with extent model

Likelihoods are calculated for each source
event separately:

N
=2 Z(ei —n;lne;)
i=1

Pro:
Make full use of smaller on-axis PSF

(PSF reconstruction in single off-axis survey scan]

Contra:
CPU intensive, execution times scales with
knumber of events




eSASS detection chain

[ Event based PSF fitting

Standard mode for survey pipeline

PSFs reconstructed for each photon event
Optionally convolved with extent model
Likelihoods are calculated for each source event

separately

N
CTZZES&amnAnQ)
i=1

Pro:
Makes full use of narrower on-axis PSF

Contra:
CPU intensive, execution time scales with
knumber of events

~

** Shapelet (photon) **

Matched pts: 897809
Matched exts: 10628
Mismatched pts: 22164
Mismatched exts: 6815
Unmatched pts: 347164
Unmatched exts: 7246

** Shapelet (image) **

Matched pts: 853707
Matched exts: 9744
Mismatched pts: 23162
Mismatched exts: 5359
Unmatched pts: 331582
Unmatched exts: 7516
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** PANTER (image) **

Matched pts: 845167
Matched exts: 9107
Mismatched pts: 23495
Mismatched exts: 4173
Unmatched pts: 319308
Unmatched exts: 6642
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Comparison of PSF modes ( eRASS1; refererence: eRASS:4)

J. Sanders (MPE)

J




Compiling the final catalogues

~N

(Merged catalogues:

Merging all sky tiles

Matching with WISE counterparts (QSO colours)
Calculate median offsets in ecl. lon, ecl. lat in 1 deg
latitude strips

Apply astrometric correction

Clean overlaps between sky tiles

Filter for eROSITA.DE sky area

Add rates/fluxes from forced photometry
For eRASS:4 . calculate variability parameters

[Hardness ratios beween forced photometry bands (0.2-0.5, 0.5-1.0 keV) ]




Astrometric corrections

- X w B

ELAT_CORR/ arcsec

'
-

*Zﬂzzi
n‘ }l"”l‘.‘,‘\\\ L 1 o A5
AT, W% /) J,‘-',_\r‘\ ) l“'{‘.‘w"‘ rm-. ‘\&A“-‘:\ /i H ‘l ¥ "
ol l I "‘L, i % \ ‘wf’ BN d!fi.l' 1T
m" ﬁ"ﬁ!ﬂ,\h Ui 4‘“" JV A ! w d H‘ hw"(*{ﬁ‘lﬁ”ilkl&% nb‘\'ﬂ\” i h‘. 'W" '
l’\r,mp"u!,'?fl,ﬁlw I oy w I lﬂ“'w ‘ r '

ELON / deg

[Corrections in ecl. latitude (scan direction) as function of longitude ]




Astrometric corrections
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eRASS:4 variability catalogue

(VAR_CHI2:

chi-square calculated from columns ML_RATE_1,ML_RATE_ERR_1
VAR_PROB:

probability for variability based on VAR_CHI2 and the ndof (n_epochs-1)
FRATIO:

max(ML_RATE_1)/min(ML_RATE_1)

FRATIO_ERR:

error of parameter FRATIO

FLUXVAR:

maximum of error normalised differences in ML_RATE_1

Variability parameter as used in 2RXS ( Boller et al 2016):

AMPMAX_NORM:

error normalised maximum variability amplitude ( Boller et al 2016):

~

_ l - 1;!( - -FI:.PIC :
VAR CHI2 = — Z( ) X (1)

n—- T
=1 k

the associated cumulative chi-square probability of the flux mea-
surements being consistent with constant flux
00 xv,-’? Ie x/2
VAR_PROB = f ——dux, (2)
2 272T(v/2)

where smaller values indicate a higher chance that the source is
variable and I' denotes the gamma function, the ratio between
the highest and lowest observation-level flux

FRATIO = qux/Fmin: (3)

the associated lo error

2 2 05

T Fmin U—qux F max
S = N s

F? Frax Fnin

min

4

FRATIO_ERR = (

and the largest flux difference between any combination of the
observation-level fluxes in terms of &

FLUXVAR = max =71

kle[1n
] ooy

[Traulsen et al. 2019 ]

&)




FRATIO

eRASS:4 variability catalogue
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Outlook

eROSITA:

Ongoing reprocessing:

* Improved event calibration

* Flare screening

* Time dependent boresight correction
* Improved astrometry

Future missions:

New detection algorithms?

Machine learning?

eRASS1 - eRASS5
0.2-2.3 keV background rate
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