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CHANDRA Chandra Source Catalog Release 2.1

SOURCE CATALOG

« Uniformly calibrated observations » Stacked imaging observations
— Uniform calibrations and processing using — Co-added exposure times up to ~6.7 Ms
state-of-the-art Bayesian algorithms . L
« Catalog limiting sensitivity
- Extensive set of tabulated properties — Estimated source flux required to detect a point
— Position, extent, photometry, variability, source (on a 3.22 x 3.22 arcsec HEALPIX grid)
hardness ratio, spectral parameters in multiple

energy bands  Total sky coverage

— 730 deg? (681 deg? ACIS; 67 deg? HRC-)

- Science-ready FITS data products CSC 2.1 Number of Sources/Detections
— Per source / detection / field / stacked field Master M w/o upper limits
event files, images, backgrounds, calibrations, Sources incl. upper limits
regions, local PSFs, spectra, light curves,
v Spewira, 19T EH Stacked [J453/258)
photometry probability density functions, Observation Ace 402
sensitivity, extended source polygons Detections .
* Current catalog release Individual [Ii504376)
— Version 2.1, minor version 2.1.1, released Observation 2143,847
2024 October 18 Detections |

CENTER FOR RASREEUNAR YN8

HARVARD & SMITHSONIAN



LeisnDra Source Detection Threshold

« Outstanding sensitivity in heavily crowded fields due to Chandra’s arcsecond spatial
resolution on-axis combined with very low instrumental backgrounds

= CSC point source detection limit is ~4-5 X-ray photons over much of the field
and for most exposure times

Far Left: Cutout of ~3 Ms observation
stack (a co-add of 86 observations)
from CSC 2.1, centered on Sgr A*

Left: CSC 2.1 identifies ~3,300
compact X-ray sources in this region
roughly a dozen times more X-ray
sources than have been detected by
any other mission

2 arcmin
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CHANDRA Detections vs. Sources

2CX0 J162623.5-242439

u acisf)1626350m242314_001.0078
a acisf)1627179m243424 _001.0095

O acisf)1626350m242314_001.0012 |

acisf}1626350m242314_001.0013.

N 20X0J162624.0-242448
- u acisfl1626350m242314_001:0012
- a.acisfl1627179m243424_001.0095

2CX0 J162625.3-242444

detectiid:; ot o s u acisf)1626350m242314_001.0013
acisf)1627179m243424_001.0095 a acisfl1627179m243424_001.0095

» Detections are photon blobs on the detector, sources are best estimates of X-ray emitters on the sky
« Source < detection linkages are managed automatically by the catalog
» Matching detections to identify sources is a many-to-many problem

* match_type identifies type of linkage between detections and sources

HARVARD & SMITHSONIAN



CHANDRA Detections vs. Sources

Confusing sources and detections is the most common issue seen in helpdesk questions
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£ b Chandra Source Catalog Tables

Main Tables Associations Tables
Master Sources included here

Master Source /
Stacked Observation Detection Associations

Stacked Observation Detections

Stacked Observation Detection /
Per-Observation Detection Associations

Per-Observation Detections

Ancillary Tables
Detect Stack Maps stacks to observations

Valid Stack Identifies observations in a stack where the detection is valid
Likely Stack |dentifies observation-set in a stack that maximizes detection likelihood
Limiting Sensitivity Estimated detection-threshold point source flux (3.22x3.22 arcsec HEALPIX grid)
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CHANDRA Catalog Properties

» Properties are measured/derived for individual-
and stacked-observation detections as well as
for master sources by simultaneously
analyzing individual-observation detections

* Numeric properties have associated
independent lower and upper confidence

80 82 84 ,86.'8§.-90 -02 04 96 98

I intervals
il « Most properties are computed in 6 energy
bands:

ACIS: ultrasoft 0.2-0.5 keV

soft 0.5-1.2 keV

medium  1.2-2.0 keV

hard 2.0-7.0 keV

draws3 FITS data product broad 0.5-7.0 kaV
HRC: wide ~0.1-10.0 keV
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CHANDRA Catalog Propel‘ties

ps£3 FITS data product
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Lo Catalog Properties
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Lot o, Catalog Properties

pha3 FITS data produc

also arf3, rm£f3 etc.
(ACIS) PHA Spectrum ]
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HAND Catalog Properties

@©
0.0025 - N
L)
1]
(U]
N
Q
=
jud
0.0020 =
. =
g >
g g
w 0.0015 S
< (o]
MI (@)
'_
Z
=
o y
()
0.0010 -\
R
\_‘ \ o \"‘lel-"
0.0005 LI "L',-‘”
1.5885e8 1.5890e8 1.5895e8 1.5900e8

Time /s

Intra- and Inter-Observation Variability
Intra-Observation Optimally Binned Light Curves

1c3 FITS data product

CENTER FOR RASREEUNAR AT NS

HARVARD & SMITHSONIAN



HAND Source DeteCtion

SOURCE CATALOG

» Observations using the same instrument that have pointings
within 60 arcsec are stacked prior to source detection

— X-ray to x-ray detection matching to align individual observations

« Candidate compact source detection combines wavelet and
Voronoi algorithms with MLE fitting
— Candidate compact detections are merged and then graded by MLE

— MLE fits detections with local per-band PSF model and PSF model
convolved with rotated elliptical Gaussian

— All detection and MLE fit information available in mrgsrc3 data
product

 Detections graded by highest MLE fit likelihood
— TRUE threshold = false source rate ~0.1 per field
— MARGINAL threshold = false source rate ~1 per field
— FALSE not included in catalog (available in mrgsrec3 data product)

acisfJ0332281m274818_002
100 observations, 6.69 Ms

Observation stack

Extended source polygons
ACIS Obsld 14482 — Cas A

 Highly extended source detection uses Voronoi algorithm

— Simplified convex hull representation in catalog cenTer ror I
— Polygons at various contour levels available in poly3 data product HARVARD & SMITHSONIAN




HAND

OURCE CATALOG

» CSC 2.1 astrometry is tied to Gaia-CRF3

Observation stacks are matched to Gaia directly or
via AlIWISE (X-ray to optical matches)

Extensive automatic and manual QA to ensure
robust solutions

All data products have updated astrometry
95% confidence systemic error 0.29 arcsec per axis

Individual source position error estimates have
MLE fit position error added in quadrature

Above Right: Magnitudes of individual observation
astrometric corrections required to tie observation stacks to
Gaia-CRF3

Red: observations for which manual QA was required (either
at individual observation or stacked observation level)

Blue: observations for which absolute astrometric correction
could not be determined due to insufficient matches

CSC 2.1 Astrometry

1500 ¢
1000 ¢

500 |

15 2.0 25
Radial Astrometric Correction (arcsec)
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CHANDRA BayeSian BlOCkS

SOURCE CATALOG

» Detections of the same source with consistent
multi-band aperture photometry are analyzed
together to increase S/N

— Grouping is based on a multi-band Bayesian 0.015
Blocks analysis

0.025

0.020

MPDF

0.010

» Source aperture photometry and derived
properties (e.g., hardness ratios, spectral fits) 0.005 ]

are populated from the longest duration

Bayesian Block 0 e P s
— Properties for all blocks are available in the fluxaper.b (ergem?s™)
blocks3 data product Above: Marginalized probability density functions (MPDFs)
for ACIS broad band energy flux in 7 observations
 Source tempora' variabi'ity properties are contributing to master source 2CX0 J004152.6-092213

Green, blue, red indicate different Bayesian Blocks (longest

computed using all observations block s green in this example)

The black curve is the master source “best-estimate” MPDF,
which combines data from all observations included in that

block
CENTER FOR BSRE:NA:RAY IS
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CHANDRA

« CSC WWT visualizer
« CSCview data-mining interface

« |VOA standard interfaces (TAP,
SCS, SIAP) provide access to
Jupyter notebooks using PyVO

« Simple web form
« Web command line
* CIAO scripting & ds9

Catalog User Interfaces

Source: 2CX0 J133700.3-295153 %0

o XX0eQ
CHANDRA SOURCE CATALOG 2.1

Copy name to cliphoard Search nearby: NED or SIMBAD Zoom to source

a: 13" 37M 0.485 5: -29° 51' 63.6" (ICRS) X

SHANDRA

13"37° 04.88%-29° 51'55.1 % Source detection was affected by confusion.
Source is variable (within o between observations).

95% confidence position error ellipse  0.470659" by 0.377411" at 141.238°

Galactic ny; column density 37 x10% cm*
Aperture-corrected flux (broad band)  1.07264e-14 erg cm* ™
Lower confidence limit 9.926e-15
Upper confidence limit 115267e-14
Source significance (S/N) 13177
Hard/Medium band hardness ratio -0.482199
Lower confidence limit -0574016
Upper confidence limit -0.387883
Medium/Soft band hardness ratio -0.114928
Lower confidence limit -0193004
Upper confidence fimit -0.0343535
Number of ACIS observations 10
Number of HRC observations 1

Please review the current caveats for source properties in CSC 2.1.

Overview of the selected CSC 2.1 sources

What: All master-source properties
Note that no error ranges are included in these visualizations. For a more-detailed analysis try sending the G e g

data to TOPCAT, SAOImageDS9, or other Virtual Observatory application, since this provides more

columns from the catalog, or use CSCView to search the CSC 2.1 database.

st D T O

The hardness ratio can be estimated for sources which are observed by ACIS. The Hard-Medium and
Medium-Soft values are used here, although it excludes sources with a hardness-ratio close to 1as they
tend to dominate the plot, obscuring the detail for those sources with lie towards the center of the plot.

The plots use the following master-source columns: hard_hm and hard_ns.
@
Hardness ratios

Hard - Medium

€SC2.1 sources ©0

YYou have selected 520 sources within
18.8' of 13"37M00.925 -29°51'56.7"

T
What: @20 ]
Where: EITEErR—

WWT provides a visual interface to CSC 2.1 data
See https://cxc.cfa.harvard.edu/csc/wwt.html
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RA Summary

SOURCE CATALOG

 CSC 2.1 released April 2024 and includes public data from 2000-2021 inclusive

— Minor update 2.1.1 released October 2024 corrected some source names and populated
missing (incorrectly null) properties

» Multiple interfaces available, including WWT, simple web form, CSCview,
scripting, IVOA compliant (e.g., for use with PyVO0)

« CSC 2.1 cross-matches with other catalogs will be available soon

For more information see the catalog website https://cxc.cfa.harvard.edu/csc/
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Chandra Source Catalog i
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The Chandra Source Catalog is developed and made available to the community by the _
Smithsonian Astrophysical Observatory’s Chandra X-ray Center, which operates the Chandra X-ray CENTER FOR R

Observatory for and on behalf of the National Aeronautics and Space Administration (NASA) HARVARD & SMITHSONIAN



Backup Slides
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Tabulated Properties

HANDRA

SOURCE CATALOG

Master Source Properties

. Source name, position and position errors, significance,
source flags, multi-band deconvolved extent, multi-band
aperture photometry (photon and energy fluxes, spectral
model fluxes [multiple spectral models]), hardness ratios,
spectral model fits [multiple spectral models], multi-band
intra- and inter-observation temporal variability

Stacked-Observation Detection Properties

. Position and position errors, multi-band significance,
detection flags and codes, multi-band deconvolved extent,
multi-band aperture photometry (net counts and count
rates, photon and energy fluxes), aperture parameters,
hardness ratios, multi-band intra- and inter-observation
temporal variability

Per-Observation Detection Properties

« Detector position, multi-band significance, detection flags
and codes, multi-band raw, PSF, and deconvolved extent,
multi-band aperture photometry (total counts, net counts
and count rates, photon and energy fluxes, spectral model
fluxes [multiple spectral models]), masked aperture
parameters, spectral model fits [multiple spectral models],
multi-band intra-observation temporal variability

Data Products

Observation Data Products

. Observation event list, aspect solution and histogram, bad
pixel map, FoV, pixel mask

. Multi-band images, background images, exposure maps,
surface brightness contours

Stacked-Observation Data Products

. Stack event list, FoV, merged detection list

. Multi-band images, background images, exposure maps,
limiting sensitivity

Detection Region Data Products

« Detection region stack and observation region definitions,
event lists

*  Multi-band per-stack and per-observation images, exposure
maps, position error MCMC draws, aperture photometry PDFs

*  Multi-band per-observation PSFs, light curves

» Per-observation PHA spectrum, RMF, ARF

Source Level Data Products

»  Aperture photometry PDFs, per-Bayesian block properties
(aperture photometry fluxes, model energy fluxes, spectral fits,
hardness ratios), extended source convex hull polygons
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aster Sources Databased Properties

APERTURE
PHOTOMETRY

ENERGY

DECONVOLVED

BLACK-BODY PARAMETERS g SOURCE SOURCE o GALACTIC
MODEL EXTENT SIGNIFICANCE, ELLIPSE COORDS
ENERGY

FLUXES

SOURCE
REGION
APERTURE
MODEL
FLUXES
BREMS.

PSF 90% ECF
APERTURE
PHOTOMETRY

PHOTON

FLUXES
POXXgS;LAW ENERGY (AVERAGE)
FLUXES
ENERGY (AVERAGE)
FLUXES

FLUXES

PHOTON
FLUXES (BEST

SOURCE
POSITION

ESTIMATE)

MODEL ICRS
ENERGY MASTER EQUATORIAL
FLUXES

APEC MODEL
ENERGY
FLUXES

APERTURE
PHOTOMETRY,

GALACTIC
NEUTRAL
HYDROGEN
COLUMN
DENSITY
PHOTON
FLUXES (BEST
ESTIMATE)

MODEL

POWER-LAW BEST-FIT SPECTRAL FIT APEC MODEL
MODEL MODEL SPEGTRAL FIT
ENERGY INTEGRATED

PHOTON
FLUXES
(AVERAGE)

FLUXES

APEC MODEL

MODEL
ENERGY INTEGRATED
FLUXES MODEL 0.5-7.0 KEV
PSF 90% ECF BEST-FIT SPECTRAL ENERGY FLUX
APERTURE MODEL
MODEL SPECTRAL ACIS MEDIUM- INTEGRATED BLACK-BODY FITS
BLACK-BODY FLUXES HARDNESS SOFT ENERGY 0.5-7.0 KEV TEMPORAL

MODEL
ENERGY
FLUXES

ACIS HARD-
MEDIUM

ENERGY
BANDS

BREMS.
MODEL

BESTEIT BEST-FIT

ENERGY ACIS HARD. BEST-FIT MODEL SPECTRAL FIT MODEL OBSERVATION

FLUXES SOFT ENERGY MODEL INTEGRATED PARAMETERS JEMPORAL
BANDS PARAMETERS VARIABILITY

SOURCE
REGION
APERTURE
PHOTOMETRY
FLUXES

ENERGY
FLUXES
(AVERAGE)

RATIOS

FLUXES (BEST

SOURCES

BEST-FIT BEST-FIT

MODEL MODEL
PARAMETERS PARAMETERS

ENERGY

ESTIMATE) POWER-LAW

0.5-7.0 KEV.
ENERGY FLUX

MODEL
SPECTRAL FIT

BANDS

ENERGY FLUX

BREMS.
MODEL

0.5-7.0 KEV
ENERGY FLUX

BEST-FIT

COORDS

TOTAL GOOD
'OBSERVATION

OBSERVATION

SUMMARY

NUMBER OF
OBSERVATIONS

VARIABILITY

INTER-
OBSERVATION

TEMPORAL
VARIABILITY

INTRA-
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CHANDRA

Master Source

Master Source

Source detection
performed at stack level

(1) unique .

Source/Detection Hierarchy

Stacked Observation Detection

Per-Observation Detection

Per-Observation Detection

(2) ambiguous .

Stacked Observation Detection

Per-Observation Detection

(1) unique
®

Stacked Observation Detection

() unique

Per-Observation Detection

Per-Observation Detection

Stacked Observation Detection

Per-Observation Detection

Per-Observation Detection

(n) nondetection .

Stacked Observation Detection

. (Photometric upper limit)

Per-Observation Detection
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CHANDRA Aperture Photometry

SOURCE CATALOG

& Kashyap 2014 ApJ 796, 24
»  Photometry for multiple detections with overlapping apertures, nearby
source apertures, and background region, are solved for simultaneously
« Joint posterior for source fluxes and background flux (for a single

observation):
P(31 oo Spy bl Cl o Cn, B) =K x P(b)Ppois(B | (b) HP(Sz’)PPois(Ci | 92)
n n
0; = E; x Z fijs; + Qib|; ¢ = Ep X Z 9isi + b
j=1 i=1
« Counts in overlapping regions are assigned to the brightest source
» Master source flux for source s, in an n-source bundle is determined from
the Bayesian block with the largest exposure:

«  Aperture photometry PDFs determined using Bayesian model from Primini L r:,“L,.‘"

Marginalized Probability Distribution
5 ©5 9 © 9 o o
2

m n
P(s| {C7}, {B7}) = P(s) [ [ | Ppois(B? | ¢7) x Ppois(CL167) ] Prois(CI |8) -
j=1 i=1,ik .
» Posteriors are optimized and sampled using MCMC in Sherpa ; MarginaliZad 5osterors

CENTER FOR RASREEUNAR YN8

Figures courtesy F. Primini
HARVARD & SMITHSONIAN



