
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Colour-magnitude diagrams for the different samples based on four pixel aperture magnitudes that are corrected for foreground extinction. We differentiate between GCs as the ones that were matched to the ACSVCS and ACSFCS catalogues and non-GCs.

      

    

  
    
      Table 1. 

      Statistics of the assembled data sets.

      
        


	Data set
	# Sources
	# GCs
	# non-GCs
	Class ratio





	Fornax
	21 767
	6161
	15 606
	∼1:2.5



	Virgo
	63 162
	12 395
	50 767
	∼1:4



	




	Total
	84 929
	18 556
	63 829
	∼1:3.5





      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Examples of image data of GCs (left) and non-GCs (right). The sources have different magnitudes and the plotted flux scale differs from source to source.

      

    

  
    
      Table 2. 

      Classifying GCs from the Virgo and Fornax tabular data sets.

      
        


	Method
	TPR
	FPR
	FDR
	AUC ROC





	Logistic Regression
	0.761±0.007
	0.054±0.002
	0.204±0.005
	0.951±0.001



	Support Vector Machine (linear)
	0.778±0.007
	0.053±0.002
	0.196±0.005
	–



	Support Vector Machine (radial)
	0.858±0.005
	0.042±0.002
	0.151±0.006
	–



	Nearest Neighbour
	0.897±0.005
	0.040±0.002
	0.139±0.007
	–



	12 Nearest Neighbours
	0.914±0.005
	0.030±0.001
	0.100±0.004
	0.987±0.001



	Decision Tree
	0.892±0.009
	0.036±0.003
	0.127±0.010
	0.983±0.001



	Random Forest
	0.909±0.005
	0.018±0.001
	0.066±0.005
	0.992±0.001



	AdaBoost
	0.910±0.005
	0.018±0.001
	0.065±0.005
	0.992±0.001



	CatBoost
	0.920±0.006
	0.025±0.002
	0.089±0.007
	0.990±0.001



	Neural Network (29-1)
	0.756±0.007
	0.056±0.002
	0.210±0.005
	0.948±0.001



	Neural Network (29-100-100-1)
	0.932±0.009
	0.028±0.003
	0.097±0.010
	0.992±0.001





      

      
Notes. The reported results are averages over ten random splits (train, validation and test). Uncertainties are given as standard deviations and the used decision threshold is 0.5. Support vector machines and nearest neighbour only provide a class label and hence, no AUC ROC is reported. For neural networks, the number of neurons per layer is given in brackets.



    

  
    
      Table 3. 

      Training on tabular data from Virgo and evaluating on Fornax data.

      
        











	
	Averaged per galaxy
	Average over all sources
	
	



	




	Method
	TPR
	FPR
	FDR
	AUC ROC
	TPR
	FPR
	FDR
	AUC ROC
	# TPs
	# FPs





	 Logistic Regression
	0.63
	0.05
	0.33
	0.93
	0.70
	0.05
	0.16
	0.94
	4331
	832



	Support Vector Machine (linear)
	0.66
	0.05
	0.31
	–
	0.73
	0.05
	0.15
	–
	4474
	793



	Support Vector Machine (radial)
	0.73
	0.04
	0.23
	–
	0.81
	0.04
	0.12
	–
	4993
	656



	Nearest Neighbour
	0.86
	0.05
	0.26
	–
	0.90
	0.06
	0.14
	–
	5536
	915



	12 Nearest Neighbours
	0.86
	0.04
	0.19
	0.98
	0.91
	0.04
	0.11
	0.98
	5597
	678



	Decision Tree
	0.87
	0.05
	0.24
	0.97
	0.89
	0.05
	0.13
	0.98
	5496
	803



	Random Forest
	0.86
	0.03
	0.14
	0.99
	0.91
	0.03
	0.08
	0.99
	5602
	470



	AdaBoost
	0.86
	0.03
	0.15
	0.99
	0.91
	0.03
	0.08
	0.99
	5596
	473



	CatBoost
	0.89
	0.04
	0.19
	0.98
	0.93
	0.04
	0.10
	0.99
	5709
	656



	Neural Network (29-1)
	0.61
	0.05
	0.33
	0.92
	0.68
	0.05
	0.16
	0.93
	4159
	801



	Neural Network (29-100-100-1)
	0.89
	0.04
	0.21
	0.98
	0.93
	0.05
	0.11
	0.99
	5754
	739





      

      
Notes. The Fornax data contains in total 21 767 sources with 6161 catalogued GCs. Results are given for a decision threshold of 0.5. Support vector machines and nearest neighbour only provide a class label and hence, no AUC ROC is reported. For neural networks, the number of neurons per layer is given in brackets.



    

  
    
      Table 4. 

      Classifying GCs from the combined image data sets of Virgo and Fornax.

      
        


	Method
	TPR
	FPR
	FDR
	AUC ROC





	Nearest Neighbour
	0.842±0.005
	0.033±0.002
	0.122±0.006
	−



	12 Nearest Neighbours
	0.847±0.008
	0.023±0.001
	0.088±0.004
	0.975±0.002



	Random Forest
	0.838±0.005
	0.026±0.001
	0.100±0.005
	0.981±0.001



	




	Convolutional Neural Network (CNN)
	0.929±0.015
	0.019±0.003
	0.068±0.011
	0.994±0.001



	CNN + Nearest Neighbour
	0.912±0.006
	0.026±0.001
	0.094±0.004
	−



	CNN + 12 Nearest Neighbours
	0.927±0.007
	0.017±0.001
	0.061±0.004
	0.990±0.001





      

      
Notes. The reported results are averages over ten random splits (train, validation and test). Uncertainties are given as standard deviations and the used decision threshold is 0.5.



    

  
    
      Table 5. 

      Training on image data of Virgo and evaluating on Fornax image data.

      
        











	
	Averaged per galaxy
	Average over all sources
	
	



	




	Method
	TPR
	FPR
	FDR
	AUC ROC
	TPR
	FPR
	FDR
	AUC ROC
	# TPs
	# FPs





	 Nearest Neighbour
	0.77
	0.04
	0.24
	−
	0.81
	0.04
	0.12
	−
	4982
	650



	12 Nearest Neighbours
	0.75
	0.03
	0.20
	0.96
	0.81
	0.03
	0.09
	0.97
	4969
	476



	Random Forest
	0.74
	0.03
	0.18
	0.96
	0.81
	0.03
	0.09
	0.97
	4985
	495



	
	
	
	
	
	
	
	
	
	
	



	




	Convolutional Neural Network (CNN)
	0.90
	0.03
	0.14
	0.99
	0.94
	0.04
	0.09
	0.99
	5771
	563



	CNN + Nearest Neighbour
	0.87
	0.04
	0.18
	−
	0.91
	0.04
	0.10
	−
	5634
	633



	CNN + 12 Nearest Neighbours
	0.89
	0.03
	0.14
	0.98
	0.93
	0.03
	0.08
	0.98
	5729
	517





      

      
Notes. The Fornax data contains in total 21 767 sources with 6161 catalogued GCs. Results are given for a decision threshold of 0.5.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Model performance for sources of different magnitude ranges, separated into bins of size 0.5 mag, for the case of training on data of the Virgo cluster and evaluating on data of Fornax. At the top, the number of GCs and non-GCs per bin are shown.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Feature importance of a RF trained on Virgo data (left) and explanations for individual RF predictions generated with LIME (right).

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Images of the k nearest neighbours with labels (surrounding) used to classify source 71 of FCC47 (centre). The nearest neighbours are not found in the image space x, but in the latent space of the CNN F(x).

      

    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Colour-magnitude diagram showing the recovered GCs in grey. Sources in pink and blue refer to sources labelled as GCs that were not found (false negatives) by the RF or CNN method applied to the full data set, respectively.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Examples of sources that are labelled as GCs, but were not found by the CNN on the image data (false negatives). While for some sources, the reason for the non-detection is not immediately obvious, others show extended backgrounds or are located close to the detector edges.

      

    

  
    
      Fig. 8. 

      
        [image: thumbnail]
      

      
        Examples of false positives identified with the RF method. While some sources are indistinguishable from GCs by eye, also image artefacts at the detector edges are among the false positives.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Four (g − z) colour distributions of galaxies in the Fornax cluster. Blue histograms show the original ACSFCS data, red are all matched GCs in our data set and orange histograms show the sources identified as GCs by the CNN. The corresponding lines are kernel density estimations for visualisation of the histogram shapes. The legend states the number of sources in each sample.

      

    

  
    
      Fig. D.1. 

      
        [image: thumbnail]
      

      
        For higher uncertainties, model predictions become less accurate. Shown for a deep neural network trained on tabular data (left) and a CNN trained on image data (right).

      

    

  
    
      Table E.1. 

      Training machine learning methods on tabular data of Fornax and evaluating it on Virgo data.

      
        


	
	averaged per galaxy
	average over all sources



	




	Method
	TPR
	FPR
	FDR
	AUC ROC
	TPR
	FPR
	FDR
	AUC ROC
	# TPs
	# FPs





	Logistic Regression
	0.73
	0.15
	0.58
	0.88
	0.83
	0.16
	0.44
	0.91
	10241
	8079



	Support Vector Machine (linear)
	0.76
	0.14
	0.56
	–
	0.84
	0.14
	0.41
	–
	10405
	7293



	Support Vector Machine (radial)
	0.83
	0.05
	0.33
	–
	0.90
	0.04
	0.16
	–
	11213
	2165



	Nearest Neighbour
	0.85
	0.04
	0.28
	−
	0.89
	0.04
	0.15
	−
	11031
	1882



	12 Nearest Neighbours
	0.87
	0.03
	0.22
	0.98
	0.91
	0.03
	0.10
	0.99
	11338
	1300



	Decision Tree
	0.84
	0.03
	0.26
	0.95
	0.88
	0.03
	0.12
	0.97
	10889
	1520



	Random Forest
	0.84
	0.02
	0.14
	0.98
	0.89
	0.01
	0.06
	0.99
	11086
	698



	AdaBoost
	0.84
	0.02
	0.14
	0.98
	0.89
	0.01
	0.06
	0.99
	11082
	700



	CatBoost
	0.85
	0.02
	0.17
	0.98
	0.90
	0.02
	0.08
	0.99
	11169
	908



	Neural Network (29-1)
	0.73
	0.17
	0.60
	0.87
	0.82
	0.19
	0.49
	0.89
	10193
	9746



	Neural Network (29-100-100-1)
	0.88
	0.02
	0.17
	0.99
	0.92
	0.02
	0.08
	0.99
	11443
	937





      

      
Notes. The Virgo data contains in total 63162 sources with 12395 catalogued GCs. Results are given for a decision threshold of 0.5. Similar to Table 3.



    

  
    
      Table E.2. 

      Training machine learning methods on image data of Fornax and evaluating it on Virgo image data.

      
        











	
	averaged per galaxy
	average over all sources
	
	



	




	Method
	TPR
	FPR
	FDR
	AUC ROC
	TPR
	FPR
	FDR
	AUC ROC
	# TPs
	# FPs





	 Nearest Neighbour
	0.81
	0.04
	0.31
	−
	0.86
	0.04
	0.15
	−
	10613
	1926



	12 Nearest Neighbours
	0.80
	0.04
	0.31
	0.96
	0.86
	0.04
	0.15
	0.97
	10676
	1815



	Random Forest
	0.77
	0.04
	0.32
	0.95
	0.85
	0.04
	0.15
	0.97
	10468
	1823



	




	Convolutional Neural Network (CNN)
	0.90
	0.03
	0.20
	0.99
	0.93
	0.02
	0.09
	0.99
	11560
	1194



	CNN + Nearest Neighbour
	0.84
	0.03
	0.20
	−
	0.88
	0.02
	0.09
	−
	10920
	1132



	CNN + 12 Nearest Neighbours
	0.86
	0.02
	0.15
	0.98
	0.91
	0.02
	0.06
	0.99
	11239
	770





      

      
Notes. The Virgo data contains in total 62581 sources (we excluded sources from VCC538 as it contained a lot of false positives from a background galaxy) with 12385 catalogued GCs. Results are given for a decision threshold of 0.5. Similar to Table 5.



    

  
    
      Fig. F.1. 

      
        [image: thumbnail]
      

      
        ROC curves for several models and (left) training on Virgo and testing on Fornax data and (right) vice versa. In both cases, CNN+kNN as well as CNN show the best characteristics, closely followed by RFs. To increase readability, we show a zoom-in here with false positives rates ranging from 0 to 0.14 and true positives rates from 0.4 to 1.

      

    

  
    
      Fig. G.1. 

      
        [image: thumbnail]
      

      
        Model performance for sources of different magnitude ranges, separated into bins of size 0.5 mag, for the case of training on data of the Fornax cluster and evaluating on data of Virgo.

      

    

  
    
      Fig. H.1. 

      
        [image: thumbnail]
      

      
        Most important features for identifying GCs according to LIME. In blue, mean values for the feature importance are given, calculated from explanations generated for the 345 correctly classified GCs in FCC219. Red error bars denote standard deviation.
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