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Identifying correct counterparts to high-energy sources by
"multiwavelength educated guesses"”
Imbibed In a Bayesian statistic environment

a.k.a. NWAY (Salvato et al 2018, 2022)

M. Salvato (MPE)

w/ :J. Buchner, J.Wolf, T. Dwelly, A. Georgakakis, T. Budavari, and more
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CTP means “counterpart” in this talk
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It is data driven:
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* when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
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* when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
e positional error for each source in the primary and secondary catalog
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 when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
e positional error for each source in the primary and secondary catalog
e source number density in the primary and secondary catalog
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 when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
e positional error for each source in the primary and secondary catalog
e source number density in the primary and secondary catalog

e using only one band we do not account for the possibility that the actual counterpart is NOT detected in THAT band

* repeating the process with different bands and for each X-ray source selecting the counterpart from the band with the higher probability
compensate only partially
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 when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
e positional error for each source in the primary and secondary catalog
e source number density in the primary and secondary catalog

e using only one band we do not account for the possibility that the actual counterpart is NOT detected in THAT band

* repeating the process with different bands and for each X-ray source selecting the counterpart from the band with the higher probability
compensate only partially

go Bayesian: use ALL the bands at the same time

and combine the probabilities before assigning the CTP (Budavari & Szalay 2008)
But account also for missing data: Nway (Salvato+2018), Xmatch (Pineau2017)
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 when assigning a counterpart we consider:
* the separation between the sources in the primary and secondary catalog
e positional error for each source in the primary and secondary catalog
e source number density in the primary and secondary catalog

e using only one band we do not account for the possibility that the actual counterpart is NOT detected in THAT band

* repeating the process with different bands and for each X-ray source selecting the counterpart from the band with the higher probability

compensate only partially .

(this is the
correct ctp)

X cat. B cat. Z cat. K cat.

entry entry entry entry

go Bayesian: use ALL the bands at the same time 1 ~ B 1 -

1 1 — — P3

and combine the probabilities before assigning the CTP (Budavari & Szalay 2008)
But account also for missing data: Nway (Salvato+2018), Xmatch (Pineau2017)
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Validation: 1500 sources from 3XMM
w/ secure ctp, shows 97% accuracy
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Validation: 1500 sources from 3XMM
w/ secure ctp, shows 97% accuracy

XMMSL-2RXS | Sources in Identical
Separation common | AIIWISE ctp.
arcsec N %

Sep. <5 1111 98.5
Sep. <10 3448 08.7
Sep. le30 7834 96.1
Sep. le60 8768 93.0
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W2 vs W1-W2 is NOT ALWAYS the solution!
the parameter space may provide no information
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From Brain Learnis

NWAY on ROSAT & XMMSLEW2 (salvato+ 2018)
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ROSITA




W1 — W2[Vegal

From Brain Learnis

NWAY on ROSAT & XMMSLEW2 (salvato+ 2018)
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NWAY on eROSITA/eFEDS (salvato+ 2022)

Random Forest on :
* training sample: 23K XMM sources with depth comparable to eFEDS and

w/ secure CTP in Legacy Survey DR8 (Dey+2019).
* control sample: the rest of the sources within 30” from each X-ray position

Feature Description 50000
flux_*/mw_transmission_* deredenned flux in g,r,z, WI, W2 — IORE 58041 738 40000
gaia_phot_*_mean_mag original GAIA phot. in G, Gy, G, <
\Vpmra® + pmdec? Gaia proper motion E -20000
para]]ax Gaia para]]]ax Real X-ray+ 457 2585 10000
g-r, r-z, -WI, r-W2 dereddened colors
Field Real 'X—ray -
Predicted label
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From Brain Leagt
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NWAY on ROSAT & XMMSLEW2 (salvato+ 2018)

1 © Field contours

AIIWISE Field within 2arcmin from X-ray source
3IXMM — DRS(% 2RXS depth)
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NWAY on eROSITA/eFEDS (salvato+ 2022)

Random Forest on :
* training sample: 23K XMM sources with depth comparable to eFEDS and
w/ secure CTP in Legacy Survey DR8 (Dey+2019).
* control sample: the rest of the sources within 30” from each X-ray position

Feature Description 50000
flux_*/mw_transmission_* deredenned flux in g,r,z, WI, W2 — IORE 58041 738 40000
gaia_phot_*_mean_mag original GAIA phot. in G, Gy, Gy <
\Vpmra® + pmdec? Gaia proper motion E -20000
para]]ax Gaia para]]]ax Real X-ray+ 457 2585 10000
g-n, r-z, W1, r-W2 dereddened colors
Field Real 'X—ray -
Predicted label

validation sample: 3500 Chandra sources with depth comparable to eFEDS, made eROSITA-like
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NWAY on ROSAT & XMMSLEW2 (salvato+ 2018)

1 © Field contours
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NWAY on eROSITA/eFEDS (salvato+ 2022)

Random Forest on :
* training sample: 23K XMM sources with depth comparable to eFEDS and
w/ secure CTP in Legacy Survey DR8 (Dey+2019).
* control sample: the rest of the sources within 30” from each X-ray position

Feature Description 50000
flux_*/mw_transmission_* deredenned flux in g,r,z, W1, W2 - FONE 58041 738 40000
gaia_phot_*_mean_mag original GAIA phot. in G, Gy, Gy <
snr_* S/N for g,1,z, WI,W2,G, Gy, Gy, O ~30000
\Vpmra® + pmdec? Gaia proper motion E -20000
parallax Gaia paralllax Real X-rayy 437 2585 10000
g-r, r-z, -WI, r-W2 dereddened colors
Field Real 'X—ray -
Predicted label
validation sample: 3500 Chandra sources with depth comparable to eFEDS, made eROSITA-like
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NWAY 1 00
A Completeness
(O - »COTrintt A w—— Purity
Feature Description S 098+ )
flux_*/mw_transmission_*  deredenned flux in g,,z, WI, W2 % 059% correct ctp
gala_phot_*_mean_mag original GAIA phot. in G, Gy, Gy —= 0.96= ]
snr_* S/N for gz, W1, W2,G,Gp, Gry = 2% w/ second possible CTP
\/ pmra* + pmdec? Gaia proper motion S 0.94=
parallax Gaia paralllax E»
g-1, r-z, z-WI, r-w2 dereddened colors g 0.92+
Q.
0.90= ' T T ' '
0.00 0.02 0.04 0.06 0.08 0.10
p_any
MLR in Astromatch (Ruiz+2018) 1.00
A —— Completeness
. o . . 8 ( w— Purity
Using the same training, control and validation samples = 0987
- % 0.06- 89% correct ctp
3-D d!str!but!on W2, W1-Wz, TYPE g — >10% w/ second possible CTP
3-D distribution -W2, g, TYPE S 0.94+
g band iy
= 0.924
2.
then select the CTP with higher LR from one of the 3 methods (¢4 , , , , ,

0.0 0.2 0.4 0.6 0.8 1.0
LR_BEST

88% agreement, with fraction of disagrement increasing with the positional error

(details in Salvato+2022)
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Searching for a specific type of emitters: the case of coronal stars NWAY (no assumption on the type of counterparts)
Schneider et al 2022 Salvato et al 2022
Gaia EDR3 that Feature Description
* dld d : .
‘ah n h . flux_*/mw_transmission_* deredenned flux in g,r,z, WI, W2
* are brighter than 19t. mag _m G band _ _ gala_phot_*_mean_mag original GAIA phot. in G, Gy, Gy
* have accurate magnitudes in all three Gaia photometric bands snr_* S/N for g,n,2, WI,W2,G, Gy, Gy
* have a parallax/parallax_err >3 Vpmra® + pmdec? Gaia proper motion
parallax Gaia paralllax
g-n, r-z, 2-WI, r-w2 dereddened colors

Comparing the Results:
2060 coronal stars
1912 also found by NWAY (~92%)
177/2060 could also be an AGN

For 10% of the stellar sources, probably the X-ray flux is the sum of two contributions (galactic+extragalactic)

(details in Salvato+2022)



ROSITA

-

&.
OF
D
G
O
Sl
D)
)
O
e
C
O
Q
o,
O
at

r
LR
.

e

* Making first the CTPs identification and then their classification,

allow pinpointing interesting populations (e.g., unresolved clusters)
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Cross-matches are rarely trivial (and | did not mention blending, variability, proper motion, etc)

Using a single magnitude/band we need to account for the possibility that the CTP is absent in that specific band (NWAY does it)
We should not spend time searching for the ctp in the wrong place (use elliptical errors when possible)

When using prior knowledge the model must be built using training/control/validating samples that are representative of the survey that we
iInterested on

Our work is catalogs-based but we are not spending enough time understanding the caveats that accompany the catalogs (purpose of the
catalog, depth, flag system)

Specific to X-ray surveys: emitters are Galactic sources, resolved sources in nearby galaxies, AGN, QSO, and unresolved clusters:
it is dangerous to focus from the beginning on a specific type of source only.

Making first the CTPs identification and then their classification, allow to pinpoint interesting populations (e.g., unresolved clusters)

The problems mentioned are common to all cross-matches: you can tailor NWAY (Salvato et al 2018) to your needs.
We are happy to help you with that.
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