
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Gas temperature-vertical optical depth distributions in 3D hydrodynamic models of turn-off stars (left panel) and sub-giants (right panel) with solar metallicity (top panel) and[image: equation] (bottom panel). Darker shading indicates a larger density of grid-points. The 1D model atmosphere temperature stratifications, for two different mixing-lengths, are overplotted, as are the ⟨3D ⟩ temperature stratifications obtained from averaging on surfaces of equal logτ500.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Gas temperatures T (first row) and contribution functions Cν for the inner wings (0.2 nm redward of the line centre) of the Hα (second row) and Hγ (third row) lines, in vertical slices of the solar metallicity (left column) and metal-poor (right column) model atmospheres shown in Fig. 1. Lighter shading indicates larger temperatures (first row), and more emergent flux contribution (second and third rows). Contours of constant log τR are overdrawn. In each plot, the contribution functions are normalised such that their maximum values are unity.

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Departure coefficient-vertical optical depth distributions in the 3D hydrodynamic model atmospheres shown in Fig. 1. Darker shading indicates a larger density of grid-points. The departure coefficients of the lower and upper levels of the α line are shown. The departure coefficients of the heavily populated ground level (n = 1) always stay close to unity, while the departure coefficients of the more excited levels (n > 3) and the ionised state (H II) roughly follow those of the n = 3 state.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Hα lines emergent from the model atmospheres shown in Fig. 1. Rotational broadening is neglected. The residuals are given with respect to the 3D non-LTE model.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Hβ lines emergent from the model atmospheres shown in Fig. 1. Rotational broadening is neglected. The residuals are given with respect to the 3D non-LTE model.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Hγ lines emergent from the model atmospheres shown in Fig. 1. Rotational broadening is neglected. The residuals are given with respect to the 3D non-LTE model.

      

    

  
    
      Table 1 

      Benchmark stars, their literature atmospheric parameters, sources for their observed spectra, nominal spectral resolving power R = λ∕Δλ, and the assumed 1σ uncertainties in the atmospheric parameters and in the placement of the continuum.

      
        


	Star
	Teff∕K
	[image: equation]
	logg
	σlog g
	[image: equation]
	[image: equation]
	Obs.
	R∕105
	
	σcont.∕%
	



	
	
	
	
	
	
	
	
	
	Hα
	Hβ
	Hγ





	Sun
	5772a
	
	4.44a
	
	0.00h
	0.05
	KPNOl
	> 4
	0.3
	0.3
	0.5



	Procyon
	6556b
	84
	4.01b
	0.03
	− 0.02i
	0.05
	FOCESm
	0.65
	0.3
	0.3
	1.0



	HD 103095
	5140c
	49
	4.69e
	0.10
	− 1.13j
	0.20
	FOCESm
	0.65
	0.3
	0.3
	1.0



	HD 84937
	6371d
	84
	4.05f
	0.03
	− 1.97k
	0.20
	FOCESm
	0.65
	0.3
	0.3
	1.0



	HD 140283
	5787c
	48
	3.70f
	0.03
	− 2.28k
	0.20
	FOCESm
	0.4
	0.3
	0.3
	1.0



	HD 122563
	4636c
	37
	1.61g
	0.07
	− 2.43k
	0.20
	UVESn
	0.8
	0.5
	0.5
	1.0





      

      Notes. (a) Reference value from Prša et al. (2016); (b) fundamental value from Chiavassa et al. (2012); (c) fundamental value from Karovicova et al. (2018); (d) IRFM value from Casagrande et al. (2011); (e) fundamental value from Bergemann & Gehren (2008); (f) fundamental value from VandenBerg et al. (2014); (g) fundamentalvalue from Heiter et al. (2015); (h) Asplund et al. (2009); (i) ⟨3D ⟩ non-LTE Fe II value from Bergemann et al. (2012); (j) 1D LTE Fe II value from Ramírez et al. (2013) with ⟨3D⟩ non-LTE corrections from Amarsi et al. (2016b); (k) 3D non-LTE Fe II value from Amarsi et al. (2016b); (l) Wallace et al. (2011); (m)
Korn et al. (2003); (n)
Bagnulo et al. (2003).




    

  
    
      Table 2 

      Interpolation/extrapolation errors, as estimated by the difference in effective temperatures inferred from a coarser and incomplete grid of model spectra, relative to those inferred from a finer and complete grid of model spectra, in both cases using 1D non-LTE calculations on MARCS model atmospheres (see Sect. 4.2.3).

      
        


	Star
	[image: equation]



	
	Hα
	Hβ
	Hγ





	Sun
	0
	− 1
	+ 1



	Procyon
	+ 41
	+ 23
	+ 10



	HD 103095
	+ 7
	+ 6
	+ 4



	HD 84937
	− 11
	− 3
	+ 1



	HD 140283
	− 17
	− 3
	0



	HD 122563
	+ 60
	− 47
	− 136





      

      
Notes. A positive value indicates that a higher effective temperature is inferred from the coarser and incomplete grid than from the finer and complete grid.




    

  
    
      Table 4 

      Differences between the effective temperatures of the benchmark stars inferred from various models compared to those inferred fromthe 3D non-LTE model (see Figs. 7–9 for illustrations of the 3D non-LTE fits).

      
        


	Star
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	
	Hα
	Hβ
	Hγ
	Hα
	Hβ
	Hγ
	Hα
	Hβ
	Hγ
	Hα
	Hβ
	Hγ
	Hα
	Hβ
	Hγ





	Sun
	− 5
	− 1
	1
	− 31
	− 53
	− 30
	− 33
	− 26
	94
	− 40
	− 57
	− 31
	− 43
	− 31
	94



	Procyon
	− 21
	4
	0
	− 29
	− 120
	− 9
	− 29
	3
	86
	− 38
	− 120
	− 10
	− 37
	1
	85



	HD 103095
	55
	33
	19
	− 45
	− 107
	− 125
	− 18
	− 1
	34
	− 10
	− 80
	− 106
	21
	30
	58



	HD 84937
	− 77
	− 2
	− 1
	− 20
	25
	26
	− 23
	157
	189
	− 133
	21
	23
	− 129
	153
	187



	HD 140283
	− 61
	0
	− 1
	− 51
	56
	34
	− 5
	213
	188
	− 150
	53
	30
	− 81
	212
	185



	HD 122563
	− 51
	23
	4
	102
	88
	70
	93
	132
	154
	− 45
	81
	68
	− 29
	127
	154





      

      
Notes. A positive value indicates that a higher effective temperature is inferred from the various models than from the 3D non-LTE models.




    

  
    
      Table 5 

      Inferred effective temperatures of the benchmark stars from the 3D non-LTE model (see Figs. 7–9 for illustrations of the 3D non-LTE fits).

      
        


	
	
	
	
	[image: equation]
	
	
	ΔTeff∕K
	



	Star
	Teff∕K
	Spectrum
	Hα
	Hβ
	Hγ
	Hα
	Hβ
	Hγ





	Sun
	5772 ± 1
	KPNO
	5721 ±36
	5709±19
	5710±33
	− 51±36
	− 63±19
	− 62±33



	Procyon
	6556 ± 84
	FOCES
	6569 ±37
	6670±52
	6549±50
	13±92
	114±99
	− 7±98



	HD 103095
	5140 ± 49
	FOCES
	5119 ±63
	5002±26
	4760±173
	− 21±80
	− 138±56
	− 380±180



	HD 84937
	6371 ± 84
	FOCES
	6357 ±45
	6290±38
	6324±67
	− 14±95
	− 81±
	92− 47±108



	HD 140283
	5787 ± 48
	FOCES
	5815 ±65
	5793±53
	5709±83
	28±81
	6±71
	− 78±96



	HD 122563
	4636 ± 37
	UVES
	4652 ±111
	4495±85
	4558±165
	16±117
	− 141±92
	− 78±169





      

      
Notes. The 1σ uncertainties in the 3D non-LTE models take into account the uncertainties in the adopted surface gravities and metallicities, and uncertainties in placing the continuum, given in Table 1, as well as the formal fitting error. The uncertainties in the continuum placement dominate, except for H α in HD 103095, where the uncertainty in [image: equation] dominates. The last three columns show the differences between the models and the reference values adopted from the literature (Col. 2, also Table 1), with the uncertainties combined in quadrature (see Fig. 10 for an illustration of these differences).




    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Hα line profiles observed in benchmark stars, compared to the best-fitting 3D non-LTE model when effective temperature is taken as a free parameter. The reference parameters Teff / logg/[image: equation] of each star are given in the legends. The continuum and line masks are shown as dark and light vertical bands, respectively. The light shaded region indicates the effect of adjusting the effective temperature by ± 100 K, where lower effective temperatures result in a weaker line and thus a higher normalised flux. Residuals between the 3D non-LTE model and the observations are shown in the lower panel. Residuals inside the masks are highlighted using thick lines; only these pixels have any influence on the fitting procedure.

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Hβ line profiles observed in benchmark stars, compared to the best-fitting 3D non-LTE model when effective temperature is taken as a free parameter. The reference parameters Teff / logg/[image: equation] of each star are given in the legends. The continuum and line masks are shown as dark and light vertical bands, respectively. The light shaded region indicates the effect of adjusting the effective temperature by ± 100 K, where lower effective temperatures result in a weaker line and thus a higher normalised flux. Residuals between the 3D non-LTE model and the observations are shown in the lower panel. Residuals inside the masks are highlighted using thick lines; only these pixels have any influence on the fitting procedure.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Differences between effective temperatures of benchmark stars inferred from 3D non-LTE or 1D LTE model spectra (the latter calculated on αMLT = 1.5 model atmospheres), and independent literature values, as functions of literature effective temperatures (left panel) and metallicities(right panel). Error bars are shown for the 3D non-LTE models, and omitted for the 1D LTE models for clarity. Also shown are lines of best fit that take uncertainties into account.
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