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        Astrocomb line shape asymmetry as a function of position on the HARPS detector. Main panel: each coloured square shows one of the 10 576 detected astrocomb lines in the HARPS astrocomb spectrum described in the text. The position of the square in the (x,y) plane approximately matches its position on the HARPS detector frame. The gap seen at ≈ 525 nm is due one echelle order falling between the two HARPS detector CCD chips so is not recorded. Wavelength within a single echelle order increases towards the right. The colour of the square is proportional to the difference (in units pixels) between the measured line centroid and the line position determined by fitting a Gaussian IP to the data. The zero point of the colour bar to the right is set to zero, such that the blue and the red colours denote negative and positive differences, respectively. Smooth variations across the detector most likely correspond to IP shape variations. Contours over smoothed data are plotted to visualise trend more clearly and emphasise where certain values cluster. Contour levels correspond to the 16th, 50th, and 68th percentile of the values, i.e., −0.002 pix, 0.020 pix, and 0.083 pix. Full lines are used for positive levels and dashed lines for negative. The cyan rectangle indicates the location of the 1st segment in optical order 90, for which we show an empirical IP model in Fig. 4. Top panel: Histogram of the values shown in the main panel. The secondary x-axis on the top shows the line centre differences in units m s−1 (1 pix = 820 m s−1). The vertical dashed red lines show the positions of the distribution median and the central 68% distribution limits. The same quantities are shown as thick black lines in the colour bar.

      

    

  
    
      Fig. 5 
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        GP for empirical variance estimation. g(∆x) multiplies [image: equation] to capture the observational variances more correctly. Black squares with error bars are the logarithms of S2, where S2 is calculated as explained in the text. The solid black line is the mean prediction of g(∆x) from GP regression and the grey shaded are the lσ ranges. The y-axis label on the right shows S2 and g(∆x) on a linear scale.
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        Values of hyperparameters describing ψ as a function of detector position, also plotted as histograms above the main panels. White colour in the main panels corresponds to the median hyperparameter value. To better visualise trends, the colour bar and histogram limits only show the central 95% of the plotted values. The units on the colour bar are indicated above the panels. The vertical dashed red lines showing the median and the central 68% limits (calculated over all values) which are also shown as thick black lines in the colour bar.

      

    

  
    
      Fig. 10 
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        Uncertainty on astrocomb line centres from fitting our empirical IP models to the data, [image: equation]. Main panel: [image: equation] as a function of position on the detector. The colour bar zero point is set to the sample median, such that the red and the blue colours correspond to values larger and smaller than the median, respectively. Lines with larger uncertainties generally have larger [image: equation] (cſ. Fig. 9) or low S/N (at 500 nm). Top panel: Histogram of the values plotted in the main panel. The vertical dashed red lines show the median and the central 68% distribution limits, which are also shown as thick black horizontal lines in the colour bar. The x-axis on the top shows [image: equation] in units m s−1 (1 pix = 820m s−1).
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        Differences between astrocomb line position measured by fitting two different IP models to the data, Δx* = x*,G − X*,E. The subscripts indicate which IP model was used to determine the centre during line fitting (G for the Gaussian and E for our empirical IP models). Main panel: Δx* as a function of position on the detector. The zero point of the colour bar is set to Δx* = 0 pix, such that the red and blue colours correspond to positive and negative differences. Contours show the spatial distribution of values more clearly, with contour levels corresponding to the median and the central 68% distribution limits. Top panel: the histogram of the values plotted in the main panel. The bottom x-axis is in units pixel and the top axis in units m s−1 (1 pix = 820m s−1). The vertical dashed red lines show the median and the central 68% distribution limits. The same quantities are shown as horizontal thick black lines in the colour bar to the right of the main panel.
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        Differences between wavelengths of astrocomb lines measured using our empirical IP models and using Gaussian IPs, expressed as a velocity shift between the two (Eq. (27)). Main panel: Δυ, as a function of position on the detector. The zero point of the colour bar is set to Δυ* = 0 m s–1, such that the red and blue colours correspond to positive and negative velocity differences. Black contours more clearly visualise the distribution of Δυ* values across the detector. Contour limits correspond to the median and the central 68% distribution limits. A full line is used for positive contour levels and a dashed line for negative ones. Top panel: the histogram of the values plotted in the main panel. The vertical dashed red lines show the median and the central 68% region limits. The same quantities are shown as horizontal thick black lines in the colour bar to the right of the main panel.
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        Wavelength measurement error, ∈λ, as a function of detector position for our empirical IP models (left) and for the Gaussian IP approximation (right). Colour schemes in both panels are identical and centred at 0 m s−1 (white) to highlight the vast improvements associated with the former. Contours for the empirical IP case (left) were not informative so are not shown. Plotted contour levels for the Gaussian IP case (right) correspond to the 16th and 50th value percentiles (−14.06 m s−1 and −3.59 m s−1, respectively) while values above the 68th percentile (i.e. above 0.93 m s−1) do not cluster at any specific location so that contour is not shown. Smaller panels show the histogram of values shown under them. The median and the central 68% distribution limits are shown as vertical dashed red lines. The same quantities are shown as thick black lines in the colour bar to the right of each main panel.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Wavelength measurement error, ∈λ, as a function of wavelength for our empirical IP models (top) and for the Gaussian IP approximation (bottom). Grey dots are the same 10 576 error values shown in Fig. 13, but now plotted as a function of λLFC The data were binned such that each bin contains all astrocomb lines appearing in the same echelle order, after which the mean and standard deviation were calculated for each bin (black dots with error bars). In calculating the above quantities, we ignored values falling outside of ±20 m s−1 (±50 m s−1) for the empirical (Gaussian) IP cases. The red line in each panel is the best-fit straight line going through the binned values (see text for parameter values). The red hashed histogram and the red labels on the right spine of the figure show the number of grey dots falling in each bin. Note that the bin edges are approximate because of the partial overlap between spectral ranges of adjacent orders. Thin cyan lines in the bottom panel are the best fit second order polynomials to the grey dots. Their parameters are tabulated in Table E.1.

      

    

  
    
      Fig. 15 
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        Histogram of measured velocity shifts (Eq. (28)) between 1472 astrocomb modes appearing twice in the spectrum. Line wavelengths were measured by fitting the most likely empirical IP model (full red histogram) or a Gaussian IP model (dashed black histogram) to the data in a wavelength calibrated spectrum. Zero velocity means that the same wavelength was measured for both lines of the pair.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Dependence of Δvpair on wavelength when our empirical IPs are used (top panel) and when Gaussian IPs are used (bottom panel). Small grey dots are the 1472 Δvpair values and large black dots with error bars are the means and the standard deviations calculated over binned values. Bin edges were determined such that a single bin contain all astrocomb lines appearing in the same echelle order. In calculating the above quantities, we ignored values falling outside of ±20 m s−1 (±50 m s−1) for the empirical (Gaussian) IP cases. The red line in each panel is the best-fit straight line going through the binned values (see text for parameter values). The red hashed histogram and the red labels on the right spine of the figure show the number of grey dots falling in each bin. The bin at λ = 687 nm contains a single point.

      

    

  
    
      Fig. B.2 
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        Comparison between IP models derived in two different ways. The model derived using the L-BFGS-B is shown as a solid red line (overlaid on top of black points) and the MCMC derived model is shown as a dashed blue line (overlaid on top of grey points). The two IP models are indistinguishable from one another. The two sets of lines and data points have been offset by 3 in y direction for clarity. The normalised residuals between the two models, that is the MCMC model minus the L-BFGS-B model divided by the error on the data, are shown as black dots at the top of the panel. The two dotted horizontal lines bracketing the residuals indicate ±lσ, where σ is the error on the data.

      

    

  
    
      Fig. C.1 
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        Detailed view of the IP model for a single segment. First panel from the top: The black points are the 251 samples of the IP, [image: equation], in the first segment of order 90 derived from flux normalised and stacked astrocomb lines (Eq. (10)). The thick red line is the empirical IP model, ψ(x) in the first iteration. The model was derived by performing a GP regression on the black points (Sect. 2.4) with a secondary GP for variance estimation. The dashed blue line is the mean function of the GP, Eq. (17). The numbers to the right of the panel give additional information. The first seven numbers are the values of the parameters (θ, ϕ, σ0) that minimise the loss function, − log 𝓛, where 𝓛 is the model likelihood (also quoted). N and v are the number of data points and the number of degrees of freedom in the fit, respectively. χ2 is given by Equation (22) and [image: equation]. The final number specifies the shift applied to Δx to ensure proper centring, Eq. (20). Second panel: The black points show the difference between the data and the GP mean function (a Gaussian with parameters θ = {A,µ, σ, y0}). The red line shows ψ(x) − m(x), i.e. departures from the Gaussian shape. Third panel: Grey dots are the variances on the [image: equation], i.e. Eq. (11). Orange points and bands are the variances inferred from the data (as per Eq. (24)) and the corresponding uncertainty. The larger black dots are the sum of modified ∈data and σ0. The red line is the variance of the GP model, i.e. the diagonal of Ki,j, Equation (18). Fourth panel: The grey dots show the normalised residuals. The grey shaded area shows the ±1σ range and the dashed black lines show the 5th and 95th percentiles. The small panel to the right shows the histogram of the residuals. The shaded area and the dashed lines are the same as in the panel immediately to the left. The number in the top right corner of the panel is the median, and the upper and lower limits correspond to the 5th and 95th percentiles.

      

    

  
    
      Fig. D.1 
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        HARPS IP models in velocity space for orders 89 through 122. Each panel shows the IP in 16 segments of one order, whose central wavelength is printed above it. Line colour within the panel changes from blue to red with increasing wavelength. The same plots with background reference grids (which make it easier to see the profile changes) can be found on the arXiv version of this manuscript https://doi.org/10.48550/arXiv.2311.05240.
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