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Unassociated Galactic 4FGL-DR3 sources
        - identifying X-ray sources of !-ray emitters 

Chandra image of !-ray sources HESS J1809-1917 overlaid 
  with different types of !-ray emitters

Credit: NASA/ESA/CXC

Or new types?

X-ray Binary 
(XRB)

AGN

Pulsar/PWNe

Right: Breakdown of 4FGL-DR3 classifications for Galactic plane 
sources within |b|<10



Many PSR, AGN, XRBs may look similar 

Majority of X-ray sources are faint, and 
difficult to distinguish from each other. 

 

Westerlund 1 cluster

Cygnus loop SNR region

Magnetar
AGN

Credit: O. Kargaltsev



Solution: Machine Learning
ML is needed to enable efficient classification and to reveal dependencies in 
large datasets with high dimensionality. 

https://data-flair.training/blogs/machine-learning-classification-algorithms/



Machine Learning Basics 

• Supervised Learning vs. Unsupervised Learning (Clustering)
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The MUltiWavelength CLASSification Pipeline (MUWCLASS): 
Training Dataset (TD)

8 source classes
*LMXB also includes non-accreting X-ray binaries (e.g., red-back and black widow systems)

*

Supervised Machine Learning (ML) approach requires training dataset (TD)



MUWCLASS: (29) Features/Properties

Various Colors   

Mid-Infrared from WISE

Near-Infrared from 2MASS

Optical from Gaia

X-ray variability

Hardness ratios 

Chandra X-ray fluxes  

CSC v2.0 Detection Map from CXO 



Typically traditional classification consists 
of using multi-wavelength parameter plots to separate
source classes

Hard to comprehend more than 2 or 3 dimensions for human

2D representations of our TD

Explore the TD yourself using the visualization GUI at 
https://home.gwu.edu/~kargaltsev/XCLASS/ (Yang et al. 2021)

https://home.gwu.edu/~kargaltsev/XCLASS/


https://scikit-learn.org/stable/
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Feature measurement uncertainties are taken into account by 
sampling from feature PDFs via Monte-Carlo.

AGN



Confusion Matrix (true vs. predicted class) 

Average Accuracy: 88.6% Average Accuracy: 97%

Confusion Matrix of Confident Classifications



Classification of CSCv2 Sources within 
unassociated 4FGL-DR3 fields

• 37  unassociated 4FGL-DR3 sources within |b|<10° with ≥5 CSCv2 sources 
within their error ellipses;

• 548 significant (X-ray S/N>5) CSCv2 sources within these 37 FGL sources.
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4FGL J1804.9-3001

4FGL J0859.2-4729 near  
SFR RCW 38

4FGL J1104.9-6037: !-ray PSR 
J1105–6037 is confirmed by 
our classification



Issues and Biases

• NS virtually all too faint to be detected by multi-wavelength surveys used in training dataset 

• Many LMXBs also have counterparts too faint to be detected by multi-wavelength surveys used in 

training dataset, hence they become confused with the NS class

• Sources too faint to be detected by these MW surveys (e.g., M-dwarfs, absorbed AGN) will be 

preferentially classified as NS/LMXBs

2MASS J-band

Klingler et al. 2020



Future Improvements: deeper surveys
• Update to more sensitive surveys (e.g., Pan-STARRs, DECaps, Vista VVV)

Vista VVV 2MASS



• Inclusion of new radio surveys:

• Australian SKA Pathfinder Telescope 

(ASKAP)

• VLA All-sky Survey (VLASS)

• MeerKAT source catalog

Future Improvements: New Multi-wavelength 
Features

ASKAP 

• Distances and proper motions from 

Gaia DR3 

Gaia

https://www.atnf.csiro.au/projects/askap/index.html

https://upload.wikimedia.org/wikipedia/en/0/01/Gaia_spacecraft.jpg

ZTF

https://www.ipac.caltech.edu/project/ztf

• Large field of view optical time 

domain surveys:

• ZTF

• TESS

• VCRO



Fermi-LAT light curve shows monthly !-ray flaring activities during 2009-2013.  Broad-band SED fitting using a one-zone jet model. 


