
    
      Table 1 

      Epochs of SPHERE ([1] Zurlo et al. (2016) 60.A-9249(C)) and GPI ([2] Greenbaum et al. (2018) GS-2015B-Q-500-1394) data used.

      
        


	Instrument
	Date
	Band
	λ/Δλ
	Field rotation [°]
	Med. seeing (as)
	DIT (s)
	NEXP
	Ref.





	
	
	
	
	29.65
	
	100
	32
	



	SPHERE
	2014-08-12
	YJH
	29
	15.37
	0.87
	60
	48
	[1]



	GPI
	2016-09-19
	H
	45
	20.93
	0.97
	60
	60
	[2]





      

    

  
    
      Table 2 

      Stellar properties of HR 8799 A.

      
        


	HR 8799



	




	Parameter
	Value
	Note





	α (J2000)
	23h 07m 28.7157s ± 0.0685s
	[1]



	δ (J2000)
	+21° 08′ 03.3021″ ± 0.0799″
	[1]



	µα (mas yr−1)
	108.301 ± 0.168
	[1]



	µδ (mas yr−1)
	−49.480 ± 0.152
	[1]



	[image: equation] (mas)
	24.2175 ± 0.0881
	[1]



	d (pc)
	41.2925 ± 0.1502
	[1]



	RV (km s−1)
	−12.60 ± 1.4
	[2]



	Spectral type
	F0+VkA5mA5 C
	[3]



	Teff (K)
	7200 ± 50
	[4]



	log g (cgs)
	3.0 ± 0.25
	[4]



	[Fe/H] (dex)
	0.0 ± 0.2
	[4]



	R⋆ (R⊙)
	1.496 ± 0.0054
	[4]



	L⋆ (L⊙)
	5.230 ± 0.0498
	[4]



	C/O
	[image: equation]
	[5]





      

      
Notes. [1] Gaia Collaboration (2018). [2] Gontcharov (2006). [3] Gray et al. (2003). [4] BT-NextGen best-fit to photometry (Hauschildt et al. 1999). [5] Wang et al. (2020). HR 8799 is a λ Boötis star, for further discussion see Mollière et al. (2022).




    

  
    
      Table 3 

      Parameters used for each of the algorithms considered.

      
        


	Parameter
	Value





	pyKLIP



	




	nPC
	1–25



	flux_overlap
	0.1



	highpass
	True



	maxnumbasis
	150



	mode
	ADI



	




	PynPoint



	




	nPC
	1–15



	merit
	Gaussian



	aperture
	4 px



	tolerance
	0.01



	cent_size
	0″.12



	offset
	2 px



	




	ANDROMEDA



	




	filtering_frac
	0.35, 0.30



	min_sep
	0.45 λ/d, 0.25 λ/d



	width
	0.8 λ/d, 1.2 λ/d



	iwa
	2.0 λ/d, 1.0 λ/d



	owa
	60/S, 45/S



	opt_method
	lsq





      

      
Notes. Parameters that were not varied were set based on previously reported values in literature (Pueyo 2016; Greenbaum et al. 2018; Cantalloube et al. 2015). For ANDROMEDA, the first column of parameters was used for the SPHERE data, and the second column for the GPI data. The oversampling parameter S is defined in Eq. (1). Further information about each of these parameters is available in the documentation of each package.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Single wavelength channel from the GPI H-band data of the HR 8799 system, post-processed with KLIP (left), PynPoint (centre) and Andromeda (right). The solid red circle denotes the position of HR 8799 e as computed using the pyKLIP astrometry module. Marked in red dashed lines are the regions which are compared when finding the mean correlation between different wavelength channels. At the top of the figure, histograms of the residuals are plotted in units of σ. The light blue line is a Gaussian fit with the width defined as the Gaussian standard deviation of the residual frame below.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Correlation matrices for each dataset for HR 8799 e, with the GPI H-band data shown in the top row and the SPHERE YJH data on the bottom. Following the processing using KLIP (left) or PynPoint (right), we calculate the correlation and covariance matrices as described in Sect. 3.2. The correlation is computed as in Eq. (2). The GPI data is more strongly correlated than the SPHERE data, particularly following the KLIP processing. The SPHERE data shows structure similar to the correlation matrix, with the correlation width following the shape of the water absorption spectrum.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Toy model for demonstrating the effect of correlated uncertainties. Left: data drawn from a toy sinusoidal model (Eq. (4)) when considering three cases of covariance in the data. The first (blue) is data drawn from a univariate Gaussian distribution with no correlations, as shown in the left inset. The second (orange) is drawn from a multivariate Gaussian distribution where the correlation length scale – as defined by the ℓ parameter of the Matérn kernel (Eq. (5)) – is less than the period of the model (centre inset). The third (yellow) is drawn from a multivariate Gaussian distribution with a correlation length scale greater than the period of the model (right inset). In the background the true input is plotted in gray. The gray datapoint indicates the 1σ error bar associated with each data point. Right: in the top panel, the posterior width of the period (solid gray line) and offset (dashed gray line) parameters scaled to the uncorrelated case as a function of the ratio between the correlation length scale and the period of the sine (so the model length scale). Marked in blue, orange and yellow are the draws plotted in the right panel. The histograms in the bottom panel are the posterior histograms for the period (left) and offset (right) for each of the highlighted cases.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Best fit χ2/v as a function of the ratio between the correlation length scale (proportional to 1/ℓ) and the period, T. The χ2 was computed for fits of Eq. (4) to data perturbed by draws from the covariance matrix, varying the correlation length scale. For each ℓ, 25 Multinest retrievals were run in order to compute the uncertainty on the χ2, shown as the shaded region around the mean. In blue, the covariance is properly accounted for in the likelihood, while in orange only the diagonal of the covariance is used in the likelihood. In order for the reduced χ2 to be a useful metric, the covariance must be properly accounted for.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Goodness-of-fit metrics mapped across separation and number of principal components. The colour scale indicates median metric value from the injections at 4 separate position angles. The range of the colour scale for each sub plot is different in order to capture the variation within a single map. Highlighted in red are the optimal extractions for each separation. Left: χ2/ndata map. Right: the same as the left panel, but calculated using the relative discrepancy (e) instead of the χ2.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Typical spectral extractions for injected planets located at separations of 600 mas. These spectra are representative of the HR 8799 planets with (Fp/F, ~ 2 × 10−6). The injections into the SPHERE data are shown on the top panel, the GPI on the bottom. Each injected planet was positioned 150° from HR 8799 e. Extractions for each algorithm are plotted, with the best fit spectrum (χ2) and 1σ error bars from the diagonal of the covariance matrix highlighted by the shaded region. The faint lines show the variation in the extractions using different numbers of principal components.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Best-fit discrepancy (Eq. (6)) as a function of input contrast at 400 mas. The top panel shows the results for injections into the SPHERE data cube, while the bottom is for GPI. The injections were repeated at three position angles, and the uncertainty presented is the standard deviation of these measurements.

      

    

  
    
      Table 4 

      Priors for retrieval setup.

      
        


	Parameter
	Prior
	Input



	




	Guillot, free chemistry





	log ɡ
	𝒰 (2.0, 5.5)
	4.0



	Rpl
	𝒩 (1.0 Rjup, 0.2 Rjup)
	1.0 Rjup



	Tint
	𝒰 (300 K, 2000 K)
	750 K



	Tequ
	𝒰 (0 K, 300 K)
	100 K



	γ
	𝒩 (1, 0.2)
	0.5



	log κIR
	𝒰 (−3.0, 1.0)
	−1.0



	log [image: equation]
	𝒰 (−7.0, 0.0)
	−1.5



	log XCO
	𝒰 (−7.0, 0.0)
	−2.0





      

      
Notes. 𝒰(a, b) denotes uniform priors with bounds a and b, and 𝒩 (µ, σ) denotes a normal distribution centred at a mean µ with standard deviation σ. The final column indicates the true values of the spectrum injected into the IFS cubes.




    

  
    
      Table 5 

      Summary of retrievals run on synthetic data.

      
        


	Dataset
	χ2/ndata
	logℒ
	BIC
	dm





	KLIP, C
	0.69
	2692
	−5289
	2.35



	KLIP, diag(C)
	0.41
	2656
	−5218
	3.29



	PynPoint, C
	1.72
	2646
	−5220
	5.63



	PynPoint, diag(C)
	1.43
	2641
	−5208
	9.60



	Andromeda, diag(C)
	0.39
	2650
	−5266
	4.62



	Gaussian, diag(C)
	1.06
	2651
	−5267
	2.21



	Noise Free, diag(C)
	0.06
	2686
	−5336
	1.69





      

      
Notes. We compare best fit reduced χ2/ndata the (negative) log likelihood which includes the covariance weighting term of Eq. (9), the Bayesian Information Criterion of Eq. (10) and the Mahalanobis dM from Eq. (11). Retrievals were performed on data processed with each algorithm, both using the full and diagonal only terms of the covariance matrix. Toy models using univariate Gaussian scatter about the input and no scatter are also included, with the uncertainties defined as diag(C) from the KLIP data.




    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Best-fit models compared to the ground truth spectrum, in order to determine how well the retrieval can account for the systematics introduced through the data analysis. The residuals are calculated by sampling the posterior distributions to generate spectra, and taking the standard deviation at each wavelength. Left: the best fit from the retrievals for each KLIP (blue), PynPoint (orange) and ANDROMEDA (green). Right: the best fits of the KLIP retrievals with (blue) and without (yellow) including the covariance matrix, as well as the retrieval on the Gaussian noise (red) and Noise-free datasets (green). These are again compared to the true input spectrum.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Corner plot comparing the retrieved parameter distributions for two different KLIP reductions. In light blue, the input spectrum was optimised using the relative discrepancy metric (Fig. 5), while in dark blue an arbitrary extraction was chosen for each of the SPHERE and GPI datasets, reflecting a non-optimal parameter selection.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Results of retrievals using KLIP, comparing each the cases of computing the likelihood using the full covariance matrix (blue), the diagonal elements only (yellow) and using truly Gaussian scattered data (red). (a) Posterior distributions for retrievals from KLIP. Contours are plotted for 2D Gaussian 1, 2 and 3σ levels, corresponding to 36%, 86% and 99% volume regions, and the ground truth value is marked in black. The text labels correspond to the retrieval including the covariance matrix. (b) Median spectrum for the KLIP retrieval with covariance, as well as for the Gaussian (yellow) and noise free cases (green). (c) P–T profiles for KLIP, Gaussian, and noise-free retrievals. The shaded region indicates the 68% confidence region for the retrieved profile.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Posterior distributions for retrievals in the ‘Noise-free’ case. The nominal uncertainties are from diag(C) of the KLIP extraction, and were scaled by factors from 0.1 to 10. The titles list the uncertainties for the 10x case.

      

    

  
    
      Table 6 

      Summary statistics for KLIP retrievals, including retrieved parameters to account for systematic biases.

      
        


	Dataset
	χ2/ndata
	log ℒ
	log10𝒵
	BIC
	dM





	KLIP, C
	0.69
	2692
	1166
	−5289
	2.35



	KLIP, diag(C)
	0.41
	2656
	1149
	−5218
	3.29



	Offset GPI
	0.42
	2657
	1147
	−5214
	3.29



	Offset SPH
	0.36
	2659
	1148
	−5218
	3.40



	Scale GPI
	0.51
	2666
	1152
	−5233
	4.48



	Scale SPH
	0.56
	2659
	1149
	−5218
	3.93



	Scale GPI Err.
	1.07
	2684
	1158
	−5268
	4.52



	Scale SPH Err.
	0.70
	2660
	1150
	−5220
	4.73



	Scale Both.
	1.15
	2684
	1158
	−5263
	4.54



	10b Both.
	0.43
	2567
	1148
	−5210
	3.41



	GPI Only, C
	0.51
	1320
	571
	−2596
	0.62



	SPH Only, C
	1.00
	1373
	593
	−2698
	2.75





      

      
Notes. log10𝒵 is the Bayesian evidence, the difference of which is the Bayes factor between two models. “Scale” indicates a multiplicative factor applied to the specified dataset, while “Offset” indicates an additive term.




    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        For the SPHERE data we compare the standard SPHERE Data Center data reduction (red) to the VLT-SPHERE pipeline described in Vigan (2020) (blue). As planets cannot be injected into the raw data, we compare the spectrum of HR 8799 e as extracted with KLIP, where each measurement in the figure represents a different number of principal components used in the spectra extraction.
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