
    
      Fig. 3. 
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        Characteristic ejecta properties at 270 d for our reference model set. Top: temperature profiles. Middle: electron density profiles. Bottom: mean Fe ionisation profiles. The mean ionisation is defined as ∑iini+/∑ini+, where ni+ is the number density of ionisation stage i for Fe, such that a mean ionisation of ∼2 indicates that Fe2+ is the dominant stage.

      

    

  
    
      Fig. 5. 
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        Normalised cumulative integral of the flux per unit wavelength over the range 0.35–14 μm in SN 2021aefx and in our reference model set. The vertical lines mark the boundaries between the optical-NIR and NIR-MIR ranges as defined in Sect. 3.3.

      

    

  
    
      Fig. 7. 
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        Density profiles for the spherically-averaged ddt_2013_N100 (DDT) model and along the three orthogonal axes of the original 3D Cartesian grid, in both positive ({x,y,z}pos) and negative ({x,y,z}neg) directions. The bottom panel shows the density ratio with respect to the DDT model.

      

    

  
    
      Fig. 10. 
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        Impact of different values of the effective collision strengths amongst the lowest 3F term in Ni III (see Table 3) on the lines at 7.35 μm and 11.00 μm in our reference model set. In the top row we show the DDT and MERGER models where these lines are largely overestimated. In the bottom row we show the GCD and DBLEDET models where the predicted strengths for both lines are comparable to those seen in SN 2021aefx (note the smaller ordinate range compared to the top row).

      

    

  
    
      Fig. 11. 
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        Impact of the minimum neon mass fraction on the [Ne II] 12.81 μm line in the GCD model. We can reproduce the observed 12.8 μm feature in SN 2021aefx by artificially setting the minimum Ne mass fraction to 10−2 throughout the ejecta.

      

    

  
    
      Fig. 12. 
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        Similar to Fig. 4 but for the ddt_2013_N100 (DDT) model with different values for the volume-filling factor f used to approximate a uniformly-clumped ejecta (see Wilk et al. 2020). We show the original (unclumped) DDT model and clumped models with f = 0.75, 0.5, 0.25, 0.1, and 0.05. We highlight lines of neutral ions that emerge in the most clumped models, in particular a strong [Ni I] 3.12 μm line.

      

    

  
    
      Fig. 13. 
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        Total integrated luminosity in all lines of Ni I–IV in the wavelength range 0.35–14 μm versus stable Ni mass in our complete model set. There is a strong correlation between both quantities, with one notable outlier (the MERGER model). The reference delayed-detonation model (DDT) is highlighted with a grey circle.

      

    

  
    
      Fig. 14. 
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        Left: [Ar III] 8.99 μm line profiles in the MCh DDT model compared to sub-MCh double-detonation models with varying He-shell masses (the reference DBLEDET model has the lowest He-shell mass of 0.02 M⊙). Right: Ar distribution, highlighting the larger extent of the Ar hole in these sub-MCh models compared to the MCh DDT model.

      

    

  
    
      Table A.2. 

      Comparison of the total mass and selected yields of the original 3D model N100 of Seitenzahl et al. (2013) [M3D] and 1D models reconstructed from non-spherically averaged radial profiles along six directions of the 3D cartesian grid (M1D).

      
        


	Model
	Quantity
	Unit
	Total
	56Nit = 0
	58Ni
	Co
	Fe
	Ca
	Ar
	S





	ddt_2013_N100
	M3D
	M⊙
	1.40
	0.604
	0.069
	0.068
	0.683
	0.015
	0.020
	0.115



	
	M1D
	M⊙
	1.45
	0.627
	0.071
	0.070
	0.708
	0.015
	0.020
	0.119



	
	ΔM1D, 3D
	M⊙
	+0.05
	+0.023
	+0.002
	+0.002
	+0.025
	+0.000
	+0.001
	+0.004



	
	ΔM1D, 3D/M3D
	
	+3.7%
	+3.8%
	+3.3%
	+2.8%
	+3.6%
	+3.1%
	+3.5%
	+3.7%



	ddt_2013_N100_xpos
	M1D (unscaled)
	M⊙
	1.15
	0.547
	0.031
	0.059
	0.542
	0.018
	0.021
	0.112



	
	ΔM1D, 3D
	M⊙
	−0.25
	−0.057
	−0.038
	−0.009
	−0.141
	+0.003
	+0.001
	−0.003



	
	ΔM1D, 3D/M3D
	
	−17.9%
	−9.5%
	−54.9%
	−13.3%
	−20.7%
	+22.0%
	+5.7%
	−3.0%



	
	M1D (scaled)
	M⊙
	1.40
	0.665
	0.038
	0.072
	0.659
	0.022
	0.025
	0.136



	
	ΔM1D, 3D
	M⊙
	−0.00
	+0.061
	−0.031
	+0.004
	−0.024
	+0.007
	+0.006
	+0.021



	
	ΔM1D, 3D/M3D
	
	−0.1%
	+10.1%
	−45.1%
	+5.5%
	−3.6%
	+48.6%
	+28.8%
	+18.2%



	ddt_2013_N100_xneg
	M1D (unscaled)
	M⊙
	1.44
	0.545
	0.062
	0.060
	0.572
	0.015
	0.025
	0.165



	
	ΔM1D, 3D
	M⊙
	+0.04
	−0.059
	−0.007
	−0.008
	−0.112
	−0.000
	+0.005
	+0.050



	
	ΔM1D, 3D/M3D
	
	+2.8%
	−9.7%
	−10.6%
	−12.0%
	−16.4%
	−0.2%
	+27.0%
	+43.9%



	
	M1D (scaled)
	M⊙
	1.40
	0.530
	0.060
	0.058
	0.555
	0.014
	0.024
	0.161



	
	ΔM1D, 3D
	M⊙
	−0.00
	−0.074
	−0.009
	−0.010
	−0.128
	−0.000
	+0.005
	+0.046



	
	ΔM1D, 3D/M3D
	
	−0.1%
	−12.2%
	−13.1%
	−14.5%
	−18.7%
	−3.1%
	+23.4%
	+39.9%



	ddt_2013_N100_ypos
	M1D (unscaled)
	M⊙
	1.17
	0.591
	0.027
	0.065
	0.587
	0.023
	0.025
	0.123



	
	ΔM1D, 3D
	M⊙
	−0.23
	−0.013
	−0.042
	−0.004
	−0.096
	+0.008
	+0.005
	+0.008



	
	ΔM1D, 3D/M3D
	
	−16.2%
	−2.2%
	−61.0%
	−5.2%
	−14.1%
	+57.2%
	+26.6%
	+6.7%



	
	M1D (scaled)
	M⊙
	1.40
	0.704
	0.032
	0.077
	0.699
	0.028
	0.030
	0.147



	
	ΔM1D, 3D
	M⊙
	−0.00
	+0.100
	−0.037
	+0.009
	+0.016
	+0.013
	+0.010
	+0.032



	
	ΔM1D, 3D/M3D
	
	−0.2%
	+16.5%
	−53.5%
	+12.8%
	+2.3%
	+87.4%
	+51.0%
	+27.4%



	ddt_2013_N100_yneg
	M1D (unscaled)
	M⊙
	1.52
	0.542
	0.117
	0.066
	0.654
	0.019
	0.027
	0.168



	
	ΔM1D, 3D
	M⊙
	+0.12
	−0.062
	+0.048
	−0.002
	−0.030
	+0.004
	+0.008
	+0.053



	
	ΔM1D, 3D/M3D
	
	+8.2%
	−10.3%
	+69.5%
	−2.5%
	−4.3%
	+27.1%
	+38.3%
	+45.9%



	
	M1D (scaled)
	M⊙
	1.40
	0.500
	0.108
	0.061
	0.604
	0.017
	0.025
	0.155



	
	ΔM1D, 3D
	M⊙
	−0.00
	−0.104
	+0.039
	−0.007
	−0.079
	+0.003
	+0.005
	+0.040



	
	ΔM1D, 3D/M3D
	
	−0.1%
	−17.2%
	+56.5%
	−9.9%
	−11.6%
	+17.4%
	+27.7%
	+34.7%



	ddt_2013_N100_zpos
	M1D (unscaled)
	M⊙
	1.52
	0.691
	0.135
	0.086
	0.810
	0.014
	0.018
	0.102



	
	ΔM1D, 3D
	M⊙
	+0.12
	+0.087
	+0.066
	+0.018
	+0.127
	−0.001
	−0.001
	−0.013



	
	ΔM1D, 3D/M3D
	
	+8.2%
	+14.4%
	+96.1%
	+25.8%
	+18.5%
	−7.2%
	−7.3%
	−11.5%



	
	M1D (scaled)
	M⊙
	1.40
	0.638
	0.125
	0.079
	0.747
	0.013
	0.017
	0.094



	
	ΔM1D, 3D
	M⊙
	−0.00
	+0.034
	+0.056
	+0.011
	+0.064
	−0.002
	−0.003
	−0.021



	
	ΔM1D, 3D/M3D
	
	−0.1%
	+5.7%
	+81.1%
	+16.0%
	+9.3%
	−14.1%
	−14.2%
	−18.1%



	ddt_2013_N100_zneg
	M1D (unscaled)
	M⊙
	1.42
	0.506
	0.078
	0.059
	0.549
	0.011
	0.017
	0.114



	
	ΔM1D, 3D
	M⊙
	+0.02
	−0.098
	+0.009
	−0.010
	−0.134
	−0.004
	−0.003
	−0.001



	
	ΔM1D, 3D/M3D
	
	+1.7%
	−16.2%
	+13.4%
	−14.1%
	−19.6%
	−25.3%
	−12.8%
	−1.0%



	
	M1D (scaled)
	M⊙
	1.40
	0.497
	0.077
	0.058
	0.541
	0.011
	0.017
	0.111



	
	ΔM1D, 3D
	M⊙
	−0.00
	−0.107
	+0.008
	−0.011
	−0.143
	−0.004
	−0.003
	−0.004



	
	ΔM1D, 3D/M3D
	
	−0.1%
	−17.7%
	+11.4%
	−15.4%
	−20.9%
	−26.7%
	−14.6%
	−3.1%





      

      
Notes: The first entry for model ddt_2013_N100 is identical to Table A.1. Subsequent entries correspond to 1D models reconstructed from the three orthogonal axes of the original 3D cartesian grid, in both positive ({x,y,z}pos) and negative ({x,y,z}neg) directions. We first report quantities based on the original (unscaled) density profile, then those based on the density profile rescaled to match the total mass of the original 3D model (1.40 M⊙).



    

  
    
      Fig. C.1. 
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        Ratio of the number density of different ionisation states of neon to the total Ne number density in our reference model set.

      

    

  
    
      Fig. C.2. 
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        Same as Fig. C.1 but for sulfur.

      

    

  
    
      Fig. C.6. 
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        Same as Fig. C.1 but for cobalt.

      

    

  
    
      Table F.2. 

      Transition probabilities (Aul) and effective collision strengths (Υlu) among the lowest ten levels of Ni III. See Table F.1 for level designations.

      
        


	l
	u
	Aul
	Temperature (1000 K)



	
	
	(s−1)
	1.0
	1.5
	1.8
	2.0
	2.5
	5.0
	7.5
	10.0
	15.0
	18.0
	20.0
	30.0
	40.0





	1
	2
	6.54(−2)
	3.380
	3.300
	3.210
	3.150
	2.980
	2.490
	2.330
	2.260
	2.180
	2.140
	2.120
	2.010
	1.900



	1
	3
	4.45(−9)
	1.320
	1.160
	1.090
	1.050
	0.962
	0.771
	0.708
	0.680
	0.653
	0.640
	0.630
	0.587
	0.560



	1
	4
	5.56(−3)
	1.580
	1.420
	1.360
	1.320
	1.240
	1.050
	0.954
	0.900
	0.855
	0.840
	0.830
	0.805
	0.780



	1
	5
	5.85(−2)
	1.520
	1.500
	1.490
	1.480
	1.460
	1.320
	1.220
	1.150
	1.080
	1.050
	1.040
	0.977
	0.921



	1
	6
	5.10(−15)
	0.330
	0.355
	0.365
	0.370
	0.370
	0.370
	0.363
	0.360
	0.360
	0.360
	0.360
	0.360
	0.350



	1
	7
	1.07(−17)
	0.060
	0.070
	0.070
	0.070
	0.080
	0.090
	0.090
	0.100
	0.100
	0.100
	0.100
	0.100
	0.100



	1
	8
	3.59(−1)
	0.490
	0.500
	0.505
	0.510
	0.530
	0.620
	0.696
	0.770
	0.882
	0.926
	0.950
	1.020
	1.020



	1
	9
	< 10(−10)
	0.062
	0.061
	0.060
	0.060
	0.059
	0.056
	0.054
	0.053
	0.052
	0.052
	0.052
	0.055
	0.062



	1
	10
	1.22(−1)
	1.950
	1.880
	1.850
	1.830
	1.810
	1.780
	1.760
	1.710
	1.600
	1.540
	1.500
	1.340
	1.220



	2
	3
	2.68(−2)
	1.900
	1.900
	1.880
	1.870
	1.820
	1.670
	1.630
	1.600
	1.580
	1.550
	1.540
	1.460
	1.390



	2
	4
	4.95(−1)
	1.090
	1.050
	1.020
	1.000
	0.961
	0.811
	0.731
	0.690
	0.653
	0.645
	0.640
	0.622
	0.600



	2
	5
	1.23(−1)
	0.750
	0.777
	0.790
	0.800
	0.810
	0.790
	0.755
	0.730
	0.713
	0.705
	0.700
	0.675
	0.640



	2
	6
	4.46(−2)
	0.530
	0.590
	0.616
	0.630
	0.650
	0.670
	0.645
	0.630
	0.595
	0.585
	0.580
	0.545
	0.520



	2
	7
	6.69(−15)
	0.110
	0.120
	0.125
	0.130
	0.140
	0.140
	0.133
	0.130
	0.130
	0.130
	0.130
	0.120
	0.120



	2
	8
	1.83(−1)
	0.430
	0.437
	0.440
	0.440
	0.450
	0.510
	0.579
	0.640
	0.737
	0.776
	0.800
	0.855
	0.860



	2
	9
	< 10(−10)
	0.137
	0.131
	0.128
	0.126
	0.123
	0.183
	0.329
	0.458
	0.599
	0.631
	0.639
	0.614
	0.557



	2
	10
	9.49(−3)
	0.012
	0.011
	0.010
	0.010
	0.009
	0.007
	0.008
	0.009
	0.009
	0.009
	0.009
	0.009
	0.008



	3
	4
	2.16(−1)
	0.730
	0.747
	0.745
	0.740
	0.720
	0.610
	0.541
	0.510
	0.483
	0.480
	0.480
	0.472
	0.460



	3
	5
	2.50(−2)
	0.460
	0.460
	0.460
	0.460
	0.460
	0.450
	0.443
	0.440
	0.440
	0.445
	0.450
	0.442
	0.430



	3
	6
	1.88(−2)
	0.370
	0.412
	0.430
	0.440
	0.460
	0.480
	0.463
	0.450
	0.433
	0.425
	0.420
	0.395
	0.380



	3
	7
	5.46(−2)
	0.180
	0.205
	0.220
	0.230
	0.240
	0.250
	0.250
	0.240
	0.230
	0.225
	0.220
	0.210
	0.200



	3
	8
	4.62(−4)
	0.340
	0.340
	0.340
	0.340
	0.340
	0.380
	0.432
	0.470
	0.540
	0.566
	0.580
	0.625
	0.620



	3
	9
	1.59(−1)
	0.025
	0.025
	0.024
	0.024
	0.023
	0.020
	0.018
	0.017
	0.015
	0.015
	0.014
	0.013
	0.012



	3
	10
	< 10(−10)
	0.007
	0.006
	0.006
	0.006
	0.006
	0.005
	0.005
	0.005
	0.004
	0.004
	0.004
	0.004
	0.004



	4
	5
	1.02(−1)
	0.610
	0.593
	0.585
	0.580
	0.570
	0.540
	0.530
	0.550
	0.585
	0.606
	0.620
	0.648
	0.640



	4
	6
	9.43(−2)
	0.360
	0.343
	0.335
	0.330
	0.320
	0.300
	0.297
	0.300
	0.317
	0.325
	0.330
	0.340
	0.330



	4
	7
	2.87(−6)
	0.150
	0.123
	0.115
	0.110
	0.110
	0.090
	0.090
	0.090
	0.100
	0.100
	0.100
	0.110
	0.110



	4
	8
	7.22(−4)
	0.390
	0.390
	0.395
	0.400
	0.410
	0.490
	0.559
	0.620
	0.697
	0.731
	0.750
	0.788
	0.790



	4
	9
	1.27(+1)
	0.105
	0.100
	0.098
	0.097
	0.094
	0.083
	0.077
	0.073
	0.068
	0.067
	0.066
	0.062
	0.059



	4
	10
	< 10(−10)
	0.219
	0.212
	0.206
	0.203
	0.195
	0.170
	0.157
	0.150
	0.145
	0.144
	0.144
	0.146
	0.145



	5
	6
	5.93(−4)
	0.480
	0.522
	0.540
	0.550
	0.570
	0.570
	0.570
	0.570
	0.580
	0.585
	0.590
	0.590
	0.580



	5
	7
	3.07(−9)
	0.120
	0.127
	0.130
	0.130
	0.140
	0.150
	0.150
	0.160
	0.160
	0.160
	0.160
	0.170
	0.160



	5
	8
	3.18(−5)
	0.330
	0.330
	0.330
	0.330
	0.330
	0.400
	0.462
	0.500
	0.535
	0.550
	0.560
	0.578
	0.570



	5
	9
	9.85(−1)
	0.097
	0.156
	0.175
	0.183
	0.192
	0.168
	0.136
	0.113
	0.085
	0.074
	0.069
	0.050
	0.041



	5
	10
	< 10(−10)
	0.060
	0.065
	0.065
	0.064
	0.062
	0.052
	0.046
	0.043
	0.039
	0.038
	0.037
	0.035
	0.034



	6
	7
	8.71(−4)
	0.300
	0.300
	0.295
	0.290
	0.290
	0.260
	0.243
	0.230
	0.230
	0.225
	0.220
	0.212
	0.210



	6
	8
	1.59(−21)
	0.190
	0.190
	0.190
	0.190
	0.190
	0.230
	0.257
	0.270
	0.287
	0.295
	0.300
	0.300
	0.300



	6
	9
	5.96(+0)
	0.135
	0.137
	0.140
	0.141
	0.148
	0.213
	0.292
	0.358
	0.442
	0.473
	0.488
	0.527
	0.534



	6
	10
	< 10(−10)
	0.036
	0.037
	0.038
	0.038
	0.041
	0.067
	0.100
	0.128
	0.166
	0.180
	0.187
	0.204
	0.206



	7
	8
	2.50(−25)
	0.070
	0.070
	0.070
	0.070
	0.070
	0.080
	0.087
	0.090
	0.100
	0.100
	0.100
	0.100
	0.100



	7
	9
	< 10(−10)
	0.065
	0.065
	0.067
	0.069
	0.082
	0.244
	0.386
	0.459
	0.491
	0.481
	0.471
	0.405
	0.348



	7
	10
	< 10(−10)
	0.053
	0.051
	0.049
	0.048
	0.047
	0.051
	0.059
	0.062
	0.062
	0.060
	0.058
	0.051
	0.045



	8
	9
	< 10(−10)
	0.249
	0.242
	0.238
	0.236
	0.232
	0.221
	0.217
	0.214
	0.211
	0.209
	0.208
	0.204
	0.201



	8
	10
	2.97(−6)
	0.361
	0.320
	0.300
	0.290
	0.268
	0.216
	0.194
	0.179
	0.159
	0.151
	0.147
	0.132
	0.121



	9
	10
	< 10(−10)
	0.173
	0.167
	0.163
	0.160
	0.155
	0.142
	0.142
	0.146
	0.150
	0.151
	0.150
	0.144
	0.137





      

      
Notes: Numbers in parentheses correspond to powers of ten. Entries for transitions among the lowest eight levels for temperatures ≤40000 K were computed following the methods outlined in Storey et al. (2016). All other entries are based on Ramsbottom et al. (2007); in this latter approach, transition probabilities Aul < 10−10 s−1 are deemed too small to be significant and we report these as upper limits. A complete set of transition probabilities and effective collision strengths among the lowest 43 levels of Ni III and extending to 105 K is available in electronic format at the CDS.



    

  
    
      Fig. F.1. 
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        Effective collision strength (Υlu) at 5000 K for forbidden transitions of Ni III versus the product of the statistical weights of the lower and upper levels. Different symbols are used for transitions corresponding to wavelengths < 10 μm (filled circles) or ≥10 μm (open diamonds). We also highlight transitions among the first ten levels (see Table F.1). Overplotted are the approximations of Axelrod (1980) for the two wavelength regimes. The Υlu values deviate by more than one order of magnitude for many transitions (including for some among low-lying levels).

      

    

  
    
      Fig. G.1. 
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        Similar to Fig. 4 but for the full set of pulsationally assisted gravitationally-confined detonation models. The gcd_2021_r10_d1.0 (GCD) model is used as the reference for this class in this paper.

      

    

  
    
      Fig. G.2. 
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        Similar to Fig. 4 but for the full set of double-detonation models. The doubledet_2021_M1002_1 (DBLEDET) model is used as the reference for this class in this paper.
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