
    
      Fig. 2 
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        Star spectrum calculated from the brightest spaxels. The flux is normalised to the pseudo-continuum flux at the top of the Br-γ line at 2.165 µm.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Summary of molecfit results. First panel: wavelength solutions showing the Doppler shift against the wavelength through the K-band with respect to cubes series number. Second panel: measured resolving power from FWHM of the fitted LSF. Third and fourth panels: fitted ppmv abundances of H2O, CO2, CH4, and N2O.

      

    

  
    
      Fig. 5 
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        Steps of star spectrum removal methods compared. Qobs stands for the stacked cube observed, while [image: equation] refer to the full series of cubes collected during the night.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Star flux fraction, [image: equation] at λ=2.165 µm (top panel). The corresponding planet flux fraction, [image: equation], at the same wavelength (bottom panel). It can be seen that some background components contribute to the residuals.

      

    

  
    
      Fig. 10 
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        Histogram of relative difference between the exo-REM models emittance and Stefan-Boltzman law.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        SINFONI planet absorption spectrum of β Pic b along the K-band, once corrected from star, background, and telluric pollutions (top). Exo-REM spectrum of simulated atmosphere of 1700 K, log(g)=4.0, and [Fe/H]=0.0 with R=6000 (bottom). Individual contributions of species CO, H2O, CH4, and NH3 are represented from top to bottom with diverse colors. For all the spectra, their continuum were divided, as explained in Sect. 4.2.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Molecular CCF maps of β Pic b for species CO, H2O, CH4 (10−4) and NH3 (10−4). At each spaxel, the maps show the CCF height at 0 km s−1, a value close to the expected radial velocity of the planet b, |VR|<10 km s−1 given the instrument LSF of ~75 km s−1.

      

    

  
    
      Table 1 

      Comparing results of the different star spectrum subtraction schemes on the normalised CCF of the residual map with a 1700 K, log g=4.0, [Fe/H]=0.0 Exo-REM model, detailing the CO and H2O individual contributions.

      
        


	Method
	CCF strength
	Radial velocity
	Planet PSF



	
	Peak
	noise
	S/N
	vr
	σbroad
	Xc (†)
	Yc (†)
	σ PSF



	
	height
	level
	
	(km s−1)
	(km s−1)
	(mas)
	(mas)
	(pixel)





	Full-model: 1700 K, log g=4.0, [Fe/H]=0.0, Rspec=6000



	H18
	0.8952 ± 0.0076
	0.0511
	17.52 ± 0.15
	1.03 ± 0.35
	46.80 ± 0.38
	218.0 ± 0.25
	−277.13 ± 0.25
	2.34 ± 0.01



	STAREM
	0.8452 ± 0.0060
	0.0431
	19.60 ± 0.14
	−0.25 ± 0.25
	41.87 ± 0.30
	216.63 ± 0.25
	−276.75 ± 0.25
	2.71 ± 0.01



	




	Only CO



	H18
	0.4837 ± 0.0049
	0.0432
	11.20 ± 0.11
	−4.29 ± 0.41
	45.91 ± 0.49
	215.38 ± 0.25
	−274.25 ± 0.25
	2.47 ± 0.02



	STAREM
	0.5094 ± 0.0048
	0.0431
	11.81 ± 0.11
	−3.24 ± 0.35
	41.85 ± 0.42
	214.00 ± 0.25
	−273.50 ± 0.25
	2.66 ± 0.02



	




	Only H2O



	H18
	0.7887 ± 0.0076
	0.0523
	15.07 ± 0.15
	2.28 ± 0.38
	41.64 ± 0.33
	218.62 ± 0.25
	−278.63 ± 0.25
	2.28 ± 0.02



	STAREM
	0.6947 ± 0.0056
	0.0451
	15.41 ± 0.12
	0.76 ± 0.29
	41.64 ± 0.33
	217.13 ± 0.25
	−279.00 ± 0.25
	2.75 ± 0.02





      

      
Notes. We also tried the molecular mapping on CH4, NH3, FeH, and CO2, none leading to a significant detection within the area around planet spaxels. (†)The star is located at coords (X⋆, Y⋆)=(0,0) mas.




    

  
    
      Fig. 13 
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        Planet PSF radial profile at a varying distance from 0 to 8 spax-els. The relative flux is obtained by dividing out the continuum and subtracting the star spectrum, as explained in Sect. 3.2.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Background removal. Top panel: average spectrum about the planet centroid (blue) compared to the average background spectrum on a ring around the planet (orange). Common features can be well distinguished. Bottom panel: planet spectrum corrected from the background. The features remaining are β Picb’s atmosphere absorption lines, while the main stellar feature (Brackett-γ) has been fully removed.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Grid search ∆χ2 maps for Teff-log g (top panel), Teff-C/O (middle panel), and Teff−]Fe/H]. The solid, dashed, and dotted lines indicate 1, 2, and 3-σ confidence regions. The red cross indicates the optimum model.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Grid search CCF maps for Tefflog g (top panel) Teff-C/0 (middle panel), and Teff-]Fe/H]. The solid, dashed, and dotted lines indicate 1%, 10%, and 20% ∆CCF levels compared to the optimal CCF. The red cross indicates the optimum model.

      

    

  
    
      Table 2 

      χ2 and CCF grid search results (see Sect. 6.1).

      
        


	Parameter
	Unit
	
	χ2 grid
	
	CCF grid



	
	
	Optimum
	1-σ
	2-σ
	Optimum





	Teff
	(K)
	1500
	(+3)(−1)
	(+100)(−5)
	2000



	log g
	(cgs)
	3.5
	(+0.0)(−0.3)
	(+0.0)(−0.5)
	3.5



	[Fe/H]
	(dex)
	0.0
	(+0.0)(−0.3)
	(+0.0)(−0.5)
	0.0



	C/O
	
	0.70
	(+0.01)(−0.00)
	(+0.10)(−0.01)
	0.65



	(†)vr
	(km s−1)
	0.78
	± 0.79
	
	−1.10



	(†)a
	
	0.999
	± 0.025
	
	Fixed to 1



	(†)v sin i
	(km s−1)
	Fixed to 25
	
	
	Fixed to 25



	R
	
	Fixed to 4020
	
	
	Fixed to 4020



	




	χ2r
	
	1
	
	
	



	max(CCF)
	
	
	
	
	0.69





      

      
Notes. The reduced optimum χ2 has been normalised to 1 and is therefore not given here. Uncertainties are obtained by interpolation of the 1D ∆χ2 maps. (†)The 1-σ error bars for vr, v sin i, and a are obtained for the optimal model using scipy’s curve_fit procedure. The v sin i and a are not optimised for the CCF, assuming v sin i=25 km s−1 and a=1.




    

  
    
      Table 4 

      MCMC results for the run.

      
        


	Parameter
	Unit
	All uniform priors
	Prior log g = 4.18 ± 0.01
	Prior Teff = 1724 ± 15 K
	Prior log g and Teff



	
	
	median ± σ68.3%
	MLE
	median ± σ68.3%
	MLE
	median ± σ68.3%
	MLE
	median ± σ68.3%
	MLE





	Teff
	K
	[image: equation]
	1525
	[image: equation]
	1746
	[image: equation]
	1749
	[image: equation]
	1746



	log g
	cgs
	[image: equation]
	3 24
	[image: equation]
	4.182
	[image: equation]
	4 210
	[image: equation]
	4.190



	[Fe/H]
	dex
	[image: equation]
	−0.246
	[image: equation]
	-0.226
	[image: equation]
	−0 223
	[image: equation]
	−0.233



	C/O
	–
	[image: equation]
	0.68
	[image: equation]
	0.550
	[image: equation]
	0 550
	[image: equation]
	0.550



	v sin i
	km s−1
	[image: equation]
	33 0
	[image: equation]
	24.9
	[image: equation]
	25 4
	[image: equation]
	28.6



	Rspec
	–
	[image: equation]
	4042
	[image: equation]
	4024
	[image: equation]
	4032
	[image: equation]
	4020



	vr
	km s−1
	[image: equation]
	1.20
	[image: equation]
	0.30
	[image: equation]
	1.03
	[image: equation]
	0.28



	ƒerr
	–
	[image: equation]
	1.08
	[image: equation]
	0.98
	[image: equation]
	0 99
	[image: equation]
	1.00



	(★)σ
	–
	<0.013
	0.002
	<0 013
	0.007
	<0.012
	0.006
	<0 013
	0.005



	a
	–
	[image: equation]
	1.000
	[image: equation]
	1.000
	[image: equation]
	1.000
	[image: equation]
	1.000



	




	Goodness-of-fit at MLE



	




	χ2
	
	
	1345
	
	1375.1
	
	1366.0
	
	1340.5



	[image: equation]
	
	
	1.002
	
	1.029
	
	1.022
	
	1.003



	log 𝓛/NDOF
	
	
	3.274
	
	3.284
	
	3.285
	
	3.281



	AIC
	
	
	−8721.6
	
	−8755.6
	
	−8758.3
	
	−8757.6



	




	Diagnostics



	




	(†) Nstep/max(τλ)
	
	17
	
	52
	
	50
	
	51
	



	Acceptance rate
	
	0 21
	
	0.31
	
	0 31
	
	0.31
	



	NDOF
	
	1335
	
	1336
	
	1336
	
	1337
	





      

      
Notes. Unless stated otherwise, all parameters (except Rspec) follow uniform priors. We describe the posterior distribution of any parameter by the median and the deviation of the 16th and 84th percentiles to the median. The maximum likelihood estimator (MLE) is given as well, at which point the goodness-of-fit diagnostics are determined. (★)For σ, given the shape of the posterior distribution peaking close to 0 and compatible with 0 at less than 2-σ, we only give the upper-limit at the 84th percentile. (†)max(τλ) is the maximum auto-correlation time among all varied parameters λ.




    

  
    
      Fig. 20 

      
        [image: thumbnail]
      

      
        Log-linear relationship between the equatorial velocity and mass of Solar System planets. In blue: possible laws compatible with planets Mars, lupiter, Saturn, Uranus, and Neptune. The ellipses show the v sin ì and mass of β Pic b derived in this work (pink), in S14 (cyan), and Landman et al. (2023, red).

      

    

  
    
      Fig. 22 

      
        [image: thumbnail]
      

      
        v sin i prediction (gray region and black solid line) of the planet for different masses at 23 Myr, assuming a tilt of 0° compared to edge-on. Green and blue area show the v sin i confidence regions on β Pic b based on this work and the results from S14 (blue) and (Landman et al. 2023; red).

      

    

  
    
      Table 5 

      Ice lines of CO, CO2, and H2O.

      
        


	Molecule
	Tevap (K)
	rice (au)





	CO
	20 ± 2
	125 ± 20



	CO2
	47 ± 5
	31 ± 5



	H2O
	135 ± 15
	5.7 ± 1.0





      

      
Notes. The values of Tevap are taken from Öberg et al. (2011) and the corresponding ice lines radii are calculated as explained in the text.




    

  
    
      Fig. 23 

      
        [image: thumbnail]
      

      
        Ice lines locations through time of H2O, CO2, and CO derived for β Pictoris. The location of planet b is marked as a red circle at 23 ± 3 Myr and prolonged down to 10 kyr with a black dotted line.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Corner plot summarising the MCMC results for the fit of the β Pic b IR SINFONI spectrum by Exo-REM models with all free parameters. The blue lines and dot show the median parameters. The orange lines and dot are those found for the preferred solution (see Section 6.2).

      

    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        Plot comparing the β Pic b SINFONI spectrum (blue) and the median Exo-REM model (orange) from the MCMC posteriors (Fig. A.1). The lower panel shows the residuals. The uncertainties assumed for the observed flux are plotted as light-blue vertical lines.
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