
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Theoretical and corrected probability density functions of the multi-epoch detection criterion for M = 15 degrees of freedom. The corrected distribution is built out of Gaussian distributions of variable means and variances ranging in [−0.036,0.048] and [0.92,1.14] respectively.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Kernel functions of the tested interpolation methods.

      

    

  
    
      Table 4 

      Observing conditions of A(S)DI sequences of HR 8799 from the VLT/SPHERE instrument considered in this paper.

      
        


	ESO ID
	Obs. date
	Obs. mode
	Spec. band
	Nframes
	∆par (º)
	DIT (s)
	TDIT (s)
	τ0 (ms)
	Seeing (″)
	Related paper





	60.A-9249(B)
	2014-07-13
	IRDIS
	DB H23
	639
	16.75
	4
	2556
	5.64
	0.569
	(1)



	60.A-9249(B)
	2014-07-16
	IRDIS/IFS
	DB K12/YH
	91/48
	17.38/17.22
	30/60
	2730/2880
	3.35
	1.186
	(1)



	60.A-9249(C)
	2014-08-12
	IRDIS/IFS
	DB K12/YH
	102/51
	18.43
	30/60
	3060
	2.88
	0.867
	(1)



	60.A-9249(C)
	2014-08-14
	IRDIS
	BB J
	100
	27.47
	16
	1600
	2.78
	0.590
	(1)



	60.A-9352(A)
	2014-12-05
	IRDIS
	BB H
	218
	8.70
	8
	1744
	2.97
	1.005
	(1)



	60.A-9352(A)
	2014-12-06
	IRDIS
	BB H
	203
	8.55
	8
	1624
	2.56
	1.170
	(1)



	60.A-9352(A)
	2014-12-07
	IRDIS
	BB H
	211
	8.45
	8
	1688
	2.69
	1.252
	(1)



	60.A-9352(A)
	2014-12-09
	IRDIS
	BB H
	209
	7.84
	8
	1672
	2.68
	0.863
	(1)



	095.C-0298(C)
	2015-07-04
	IRDIS/IFS
	DB K12/YH
	112/58
	17.91/24.09
	32/64
	3584/3712
	3.10
	0.654
	(2)



	095.C-0689(A)
	2015-07-30
	IRDIS
	DB J23
	952
	83.40
	16
	15232
	6.15
	0.560
	(3)



	095.C-0689(A)
	2015-07-31
	IRDIS
	DB K12
	951
	90.70
	16
	15216
	30.52
	0.659
	(3)



	095.C-0298(D)
	2015-09-28
	IRDIS/IFS
	DB K12/YH
	499/63
	23.94/23.61
	8/16
	3992/1008
	24.02
	0.556
	(2)



	198.C-0209(B)
	2016-11-18
	IRDIS/IFS
	DB H23/YJ
	64/64
	16.84/18.77
	32/64
	2048/4096
	4.24
	0.930
	(2)



	198.C-0209(J)
	2017-06-15
	IRDIS/IFS
	DB H23/YJ
	136/107
	19.28/19.35
	24/32
	3264/3424
	7.11
	0.652
	(2)



	099.C-0588(A)
	2017-10-08
	IRDIS/IFS
	BB H/YJ
	344/242
	76.08/78.63
	16/64
	5504/15488
	19.07
	0.446
	(3)



	099.C-0588(A)
	2017-10-12
	IRDIS/IFS
	BB H/YJ
	743/245
	74.92/79.47
	16/64
	11888/15680
	11.08
	0.435
	(3)



	099.C-0588(A)
	2017-10-13
	IRDIS/IFS
	BB H/YJ
	1162/231
	79.45/79.64
	8/64
	9296/14784
	10.0
	0.434
	(3)



	1100.C-0481(H)
	2018-06-19
	IRDIS/IFS
	DB H23/YJ
	62/64
	34.40/34.38
	96
	5952/6144
	7.77
	0.666
	(2)



	0101.C-0315(A)
	2018-08-18
	IRDIS/IFS
	BB H/YJ
	895/224
	73.94/73.76
	16/64
	14320/14336
	28.78
	0.452
	(3)



	0101.C-0315(A)
	2018-08-20
	IRDIS/IFS
	BB H/YJ
	894/224
	72.59/73.65
	4/64
	3576/14336
	26.47
	0.267
	(3)



	2103.C-5076(A)
	2019-11-01
	IRDIS/IFS
	DB K12/YH
	215/44
	23.76/14.14
	8/32
	1720/1408
	15.48
	0.591
	(4)



	2103.C-5076(A)
	2019-11-02
	IRDIS/IFS
	DB K12/YH
	444/93
	49.34/43.27
	8/32
	3552/2976
	10.21
	0.556
	(4)



	1104.C-0416(E)
	2021-08-21
	IRDIS/IFS
	DB H23/YJ
	40/40
	20.48/20.53
	96
	3840
	23.26
	0.418
	(5)





      

      
Notes. Columns are: ESO survey ID, observation date, considered observation mode (IRDIS, IFS or both simultaneously), spectral band: broad band (BB) or dual band (DB), number Nframes of selected temporal frames, total amount of field rotation ∆par of the field of view, individual exposure time DIT, total exposure time TDIT, DIMM coherence time τ0, average seeing, and the first paper reporting analysis of the same data. All the observations are performed with the apodized Lyot coronagraph (APLC; Carbillet et al. 2011) of the VLT/SPHERE instrument. Both seeing and coherence time come from SPARTA estimations except for the observations of 2014 and 2016 where ESO’s Astronomical Site Monitor estimations were used. The central wavelengths of the J, H, H2, H3, K1 and K2 filters are λ = 1.245, 1.625, 1.593, 1.667, 2.110, and 2.251 µm respectively. The IRDIS epoch in boldface is used in Sect. 4.4 as a reference dataset to build nine semi-synthetic epochs.


References. (1) Zurlo et al. (2016); (2) Langlois et al. (2021); (3) Biller et al. (2021); (4) Wahhaj et al. (2021); (5) Zurlo et al. (2022).




    

  
    
      Table 5 

      Summary of the ground truth fluxes, S/N and separations of the four injected sources (1), (2), (3), and (4) at all fake epochs.

      
        


	Epoch
	[image: equation]
	[image: equation]
	



	ℓ = 1
	ℓ = 2
	ℓ = 1
	ℓ = 2
	Separation (”)



	

	

	

	

	




	(1)
	(2)
	(3)
	(4)
	(1)
	(2)
	(3)
	(4)
	(1)
	(2)
	(3)
	(4)
	(1)
	(2)
	(3)
	(4)
	(1)
	(2)
	(3)
	(4)





	1963.43
	1.5
	2.1
	3.5
	7.1
	1.1
	0.9
	2.1
	7.0
	2.6
	3.1
	2.7
	2.7
	2.2
	1.5
	1.7
	2.6
	0.7
	0.5
	0.3
	0.2



	1970.11
	1.6
	1.9
	4.0
	9.6
	0.91
	1.0
	4.1
	9.8
	2.9
	2.1
	2.7
	2.9
	1.7
	1.4
	2.8
	3.0
	0.7
	0.4
	0.3
	0.2



	1976.65
	1.6
	1.7
	2.6
	14.2
	1.9
	1.5
	2.8
	15.1
	2.8
	2.8
	1.8
	1.8
	3.3
	2.7
	1.9
	2.0
	0.6
	0.5
	0.2
	0.2



	1981.99
	2 3
	2.2
	3.1
	8.5
	1.2
	1.6
	3.4
	9.6
	4.0
	3.3
	3.1
	2.4
	2.3
	.2.9
	3.6
	.2.7
	0.6
	0.5
	0.3
	0.2



	1986.05
	1.7
	2.8
	1.3
	6.1
	1.7
	1.5
	4.2
	7.8
	3.5
	2.9
	0.5
	1.5
	3.8
	1.6
	1.6
	1.9
	0.7
	0.3
	0.3
	0.2



	1997.76
	1.7
	1.2
	3.3
	10.1
	1.0
	1.3
	1.7
	10.8
	4.0
	1.9
	2.6
	2.5
	2.2
	2.4
	1.6
	2.8
	1.0
	0.6
	0.3
	0.2



	2002.99
	2.2
	1.1
	3.2
	10.3
	1.4
	1.0
	3.9
	11.3
	7.7
	1.8
	1.7
	3.3
	5.1
	1.91
	2.2
	3.2
	1.1
	0.5
	0.2
	0.2



	2007.15
	2.0
	2.1
	3.0
	6.7
	1.4
	1.4
	2.6
	8.2
	7.6
	2.5
	3.0
	1.5
	5.9
	1.7
	3.0
	1.7
	1.2
	0.4
	0.3
	0.2



	2022.15
	1.8
	1.0
	2.8
	8.5
	1.2
	1.7
	2.4
	9.9
	6.1
	1.1
	1.6
	.2
	3.8
	1.9
	1.4
	1.4
	1.1
	0.4
	0.3
	0.2



	




	Mean value
	1.8
	1.8
	3.0
	9.0
	1.3
	1.3
	3.0
	10.0
	4.6
	2.4
	2.2
	2.2
	3.4
	2.0
	2.2
	2.4
	0.9
	0.5
	0.3
	0.2





      

      
Notes. Epoch dates are created artificially to match the considered orbits.




    

  
    
      Table 6 

      Orbital elements search space for the four injected sources (1), (2), (3) and (4)

      
        


	Elem.
	Unit
	Min. val.
	Max. val.
	Length





	
	
	(1): 852
	(1): 1100
	



	a
	mas
	(2): 300
	(2): 790
	25



	
	



	
	(3): 150
	(3): 500
	



	
	
	(4): 100
	(4): 350
	



	e
	–
	0
	0.5
	11



	i
	deg
	0
	180
	5.0



	τ
	–
	0
	1
	50



	ω
	deg
	0
	360
	50



	Ω
	deg
	0
	360
	50



	K
	mas3 yr−2
	107666.7
	122359.5
	25





      

      
Notes. The “fiele length” represents the number of tested values per orbital element.




    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Optimal orbits Sound for each of the tour injected sources along with the best 103 other re-optimized orbits. The red thick line shows the retained optimal orbit, see Table 7. The blue dots art the projected positions of the signal along the optimal orbit ot all epochs and rhe grey circular area represents the largest coronagraphic masi

      

    

  
    
      Table 7 

      Orbital elements and multi-epoch scores of the four injected orbits and the optimal ones found with PACOME.

      
        


	Elem.
	Unit
	Source (1)
	Source (2)
	Source (3)
	Source (4)



	Estimated
	Injected
	Estimated
	Injected
	Estimated
	Injected
	Estimated
	Injected





	a
	mas
	[image: equation]
	976.23
	[image: equation]
	543 75
	[image: equation]
	331.66
	[image: equation]
	229.01



	e
	–
	[image: equation]
	0.28
	[image: equation]
	0 15
	[image: equation]
	0.01
	[image: equation]
	0.0



	i
	deg
	[image: equation]
	52.19
	[image: equation]
	50 45
	[image: equation]
	48.13
	[image: equation]
	45.33



	t0
	yr
	[image: equation]
	1958.90
	[image: equation]
	1986.02
	[image: equation]
	2004.52
	[image: equation]
	2014.27



	ω
	deg
	[image: equation]
	146.12
	[image: equation]
	63 39
	[image: equation]
	134.21
	[image: equation]
	350.32



	Ω
	deg
	[image: equation]
	298.99
	[image: equation]
	295.76
	[image: equation]
	299.11
	[image: equation]
	302.02



	K (×104)
	mas3 yr−2
	[image: equation]
	11.50
	[image: equation]
	11.50
	[image: equation]
	11.50
	[image: equation]
	11.50



	




	RMSD (pix)
	0.12
	0.34
	0.61
	0.20



	Min S/Nt,ℓ
	1.76
	1.74
	1.05
	1.12
	0.74
	0.47
	1.05
	1.16



	Mean S/Nt,ℓ
	3.98
	3.97
	2.22
	2.18
	2.37
	2.19
	2.28
	2.28



	Max S/Nt,ℓ
	7.67
	7.69
	3.50
	3.29
	3.65
	3.64
	3.28
	3.30



	Multi-epoch S/N
	18.50
	18.46
	9.84
	9.66
	10.52
	9.86
	10.17
	10.12



	Criterion C
	342.10
	340.58
	96.90
	93.39
	110.71
	97.12
	103.46
	102.39



	Threshold [image: equation]
	48.3
	48.3
	48.3
	48.3





      

      
Notes. Because of their degeneracy, any pair, (ω, Ω), is perfectly equivalent to (ω + π, Ω + π). For better interpretability, the epoch of periapsis passage t0 is shown instead of τ. The RMSD between the projected positions of the injected sources and the ones retrieved are computed with Eq. (32). The uncertainties were estimated via the perturbation method described in Sect. 3.3.1 with Np = 104. The central values are the optimal orbital elements found by PACOME and the lower and upper bounds correspond to the bounds of the 95% confidence interval. The corrected multi-epoch detection threshold [image: equation](1 − ρ) associated to a confidence level of ρ = 2.33 × 10−12 is to compare to the criterion score [image: equation].




    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Distribution of the explored orbits with respect to their cost function scores and their RMSD to the center of the images. Each blue dot represents an orbit.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        All 37 optimized orbit combinations of the search on the HR 8799 system satisfying the constraints of coplanarity, near resonance, and identical stellar mass. The best combination is shown in red whereas the 36 others are plotted in grey. Blue dots represent the 2D projected positions of each source at all epochs.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Optimal orbits found for each of the four known exoplanets HR 8799 b, c, d, and e along with the best 103 other on-grid orbits (in orange to red colors), whose RMSD is less than 1 pixel away from the optimal solution. The red thick line shows the retained optimal orbit (see Table 9). The blue dots are the projected positions of the signal along the optimal orbit at all epochs and the grey circular area represents the coronagraphic mask.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Cost function maps around the optimal solution estimated by PACOME for the four known exoplanets of the HR 8799 system in a ROI of 60 pixels sampled with four nodes per pixel. The value of the corrected empirical multi-epoch detection threshold [image: equation](1 − 4.9 × 10−12) ≈ 150.8 is highlighted in green in the color bar.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Cost function maps around the optimal solution estimated by PACOME for three of the four known exoplanets of the HR 8799 system considering spectrally correlated (left) and spectrally whitened (right) observations from the SPHERE-IFS. A flat spectrum γ has been used as spectral prior for the spectral combination by PACO. The region of interest is 100 pixels wide and sampled with four nodes per pixel. The value of the corrected empirical multi-epoch detection threshold [image: equation](1 − 1.8 × 10−10) ≈ 69.5 is highlighted in green in the color bar.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Number of false alarms (FA) for both the spectrally whitened (W) and not-spectrally whitened (NW) multi-epoch SPHERE-IFS datasets of HR 8799. The ratio between the two is shown in red. The number of multi-epoch false alarms was counted considering circular patches of the size of the FWMH. The grey vertical line corresponds to the chosen confidence of detection.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Mono and multi-epoch 5σ contrast curves of the IRDIS (left) and IFS (right) datasets of HR 8799 in ASDI mode with flat spectral priors. The multi-epoch contrast is computed as a function of the separation assuming face-on circular orbits and a source flux constant over the epochs. The 5σ contrasts found in Wahhaj et al. (2021) were extracted and overplotted for comparison.

      

    

  
    
      Table D.1 

      Comparison of the S/N of detection of the four known exoplanets HR 8799 b, c, d and e.

      
        


	Planet
	𝒮/𝒩t,ℓ
	Planet
	𝒮/𝒩t,ℓ



	ℓ = 1
	ℓ = 2
	ℓ = 1
	ℓ = 2



	Old
	New
	Gain (%)
	Old
	New
	Gain (%)
	Old
	New
	Gain (%)
	Old
	New
	Gain (%)





	b
	46.7
	48.8
	+4.3
	90.7
	94.8
	+4.3
	b
	112.0
	115.4
	+2.9
	89.0
	90.6
	+0.8



	c
	30.9
	35.1
	+12.0
	49.7
	54.4
	+8.6
	c
	91.1
	92.9
	+1.9
	95.4
	96.2
	+1.8



	d
	7.0
	8.3
	+15.7
	17.7
	20.2
	+12.4
	d
	95.4
	96.2
	+2.6
	77.7
	78.6
	+1.1



	e
	13.3
	15.7
	+15.3
	31.2
	34.4
	+9.0
	e
	74.7
	76.7
	+2.5
	39.6
	39.9
	+0.8



	

	




	(a) HR 8799 (2015-07-30)
	(b) HR 8799 (2015-07-31)





      

    

  
    
      Fig. E.2 

      
        [image: thumbnail]
      

      
        Continuation of Fig. E.1 for injected source (4).
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