
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        ASAS-SN photometry of TOI-406 in V and g filters. Right panel: GLS periodogram of ASAS-SN photometry. The horizontal dashed and dotted lines represent the FAP level of 1% and 10%, respectively. The vertical red line shows the most significant peak.

      

    

  
    
      Table 2 

      Stellar properties of TOI-406.

      
        


	
	TOI-406
	





	TIC
	153065527



	Gaia DR3
	4851053999056603904



	2MASS
	J03170297-4214323



	LP
	994-91



	




	Parameter
	Value
	Source



	




	RA (J2000; hh:mm:ss.ss)
	03:17:02.98
	A



	Dec (J2000; dd:mm:ss.ss)
	−42:14:32.54
	A



	µα (mas yr−1 )
	41.649 ± 0.017
	A



	µδ (mas yr−1 )
	−412.870 ± 0.021
	A



	Parallax (mas)
	32.3545 ± 0.0178
	A



	Distance (pc)
	30. 91 ± 0.02
	B



	γ (km s−1 )
	14.48 ± 0.34
	A



	U(km s−1 )
	44.05 ± 0.31
	



	V (km s−1 )
	−44.44 ± 0.29
	



	W (km s−1 )
	−0.18 ± 0.29
	F(a)



	




	TESS (mag)
	11.283 ± 0.007
	C



	G (mag)
	12.544 ± 0.003
	A



	GBP (mag)
	14.050 ± 0.003
	A



	GRP (mag)
	11.341 ± 0.004
	A



	B (mag)
	15.237 ± 0.072
	C



	V (mag)
	13.773 ± 0.038
	C



	J (mag)
	9.695 ± 0.023
	D



	H (mag)
	9.128 ± 0.023
	D



	K (mag)
	8. 848 ± 0.021
	D



	W1 (mag)
	8.724 ± 0.023
	E



	W2 (mag)
	8.576 ± 0.020
	E



	




	Teff (K)
	3392 ± 44
	F



	log 𝑔 (cgs)
	4.69 ± 0.04
	F, Spectroscopic



	log 𝑔 (cgs)
	4.82 ± 0.11
	F, Bolometric



	[M/H] (dex)
	−0.02 ± 0.04
	F



	log R′HK
	−5.167 ± 0.017
	F



	Prot (d)
	[image: equation]
	F



	R⋆ (R⊙)
	[image: equation]
	F



	M⋆ (M⊙)
	[image: equation]
	F



	L⋆ (L⊙)
	0.0193 ± 0.0003
	F



	Spectral type
	M3
	F





      

      
Notes. (A) Gaia DR3 (Gaia Collaboration 2023). (B) Bailer-Jones et al. (2021). (C) TESS Input Catalogue Version 8 (TICv8, Stassun et al. 2018). (D) Two Micron All Sky Survey (2MASS, Cutri et al. 2003). (E) Wide-field Infrared Survey Explorer (AllWISE; Cutri et al. 2021). (F) This work. (a) Right-handed, heliocentric galactic space velocity components.




    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        GLS periodogram of the ESPRESSO RVs and the spectroscopic activity indicators. The vertical grey lines indicate the transit-like signals with periods of 13.176 and 3.307 days. The vertical red line shows the frequency corresponding to the possible rotational period of the star at ~29 days. The dashed, dash-dotted, and dotted horizontal lines show the 10%, 1%, and 0.1% FAP levels, respectively.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        ℓ1 periodogram of the ESPRESSO (left) and the combined NIRPS+HARPS datasets (right), computed on a grid of frequencies from 0 to 1 cycle per day. The total time span of the ESPRESSO and NIRPS/HARPS observations is ~72 and ~204 days, respectively. Each periodogram highlights in orange the significant peaks (with ∆ In 𝒵 > 10, where 𝒵 is the Bayesian evidence).

      

    

  
    
      Table 4 

      RV semi-amplitude of the TOI-406 planets.

      
        


	Instrument
	Kb (m s−1)
	Kc (m s−1)





	ESPRESSO
	[image: equation]
	1.60 ± 0.12



	ESPRESSO+NIRPS+HARPS
	[image: equation]
	1.66 ± 0.12





      

      
Notes. Retrieved semi-amplitude of TOI-406 b (P = 13.17 d) and TOI-406 c (P = 3.3 d) obtained with each RV analysis of the different datasets.




    

  
    
      Table 5 

      Best-fit parameters of the TOI-406 system.

      
        


	Planetary parameters





	
	TOI-406 b
	TOI-406 c



	




	P(d)
	[image: equation]
	[image: equation]



	T0 (TBJD)(a)
	1388.570 ± 0.001
	1385.388 ± 0.002



	a/R★
	[image: equation]
	[image: equation]



	α(AU)
	0.0809 ± 0.0031
	0.0322 ± 0.0013



	Rp/R★
	0.0466 ± 0.0011
	[image: equation]



	Rp (R⊕)
	[image: equation]
	1.32 ± 0.12



	b
	[image: equation]
	0.73 ± 0.06



	i (deg)
	[image: equation]
	[image: equation]



	T14 (h)
	[image: equation]
	1.05 ± 0.05



	e
	[image: equation]
	[image: equation]



	ω (deg)
	[image: equation]
	[image: equation]



	K (m s−1)
	[image: equation]
	1.63 ± 0.12



	Mp (M⊕)
	[image: equation]
	[image: equation]



	ρp (g cm−3)
	4.1 ± 1.1
	4.9 ± 1.4



	[image: equation]
	0.42 ± 0.11
	0.78 ± 0.22



	Sp(S⊕)
	3.0 ± 0.5
	19 ± 3



	[image: equation]
	368 ± 14
	584 ± 22



	[image: equation]
	15.0 ± 3.3
	11.6 ± 1.4



	




	Common parameters



	




	ρ★ (ρ⊙)
	[image: equation]



	u1,TESS
	0.15 ± 0.05



	u2,TESS
	0.45 ± 0.05



	u1,i
	0.20 ± 0.08



	u2,i
	0.37 ± 0.09



	u1,g
	0.24 ± 0.10



	u2,g
	0.31 ± 0.10



	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]



	[image: equation]
	3.4 ± 0.7



	[image: equation]
	[image: equation]



	[image: equation]
	14737 ± 3



	[image: equation]
	14977 ± 1



	c0 (m s−1)
	3275.50 (fixed)



	c1 (m s−1 d−1)
	−0.041 ± 0.14



	c2 (m s−1 d−1)
	0.0003 ± 0.0002



	




	GP hyper-parameters



	




	Prot (d)
	29.2 ± 0.5



	Pdec (m s−1)
	[image: equation]



	w (m s−1)
	[image: equation]



	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]





      

      
Notes. Parameters were determined from the joint fit (Sect. 6.3) including all the available RV datasets. (a)TESS Barycentric Julian date (BJD−2457 000). (b)Scaled Earth’s bulk density (see Fig. 15). (c)[image: equation], assuming f = 1 and a null Bond albedo (AB = 0). (d)Planetary surface gravity. (e)RV jitter term. (f)RV offset term. (g)GP amplitude.




    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Phase-folded RV fit with residuals from the joint photometric and RV analysis. The left column shows the fit using ESPRESSO data only, while the right one shows the results when including all the available RV data. The shaded area represents the ±1σ uncertainties of the model. The reported error bars include the jitter term added in quadrature, and the residuals are shown in the bottom panel.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Global RV model from the joint photometric and RV analysis. The left panel shows the fit using ESPRESSO data only, while the right one shows the results when including all the available RV data. Time is expressed in the TESS barycentric Julian date (TBJD). The grey line shows the best-fit global model, while the red line highlights the quasi-period GP regression component. The reported error bars include the jitter term added in quadrature, and the residuals are shown in the bottom panel.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Time series and GLS periodogram of the RV residuals after the joint photometric and spectroscopic fit (Sect. 6). The left panel shows the results using ESPRESSO data only, while the right one includes all the available RV data. In the bottom panel, the dashed and dotted horizontal lines show the 1 and 0.1 per cent FAP level, respectively. No significant peaks are present in either periodogram.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Mass-radius diagram for small transiting planets around M dwarfs, colour-coded according to equilibrium temperature Teq. The TOI-406 planets are labelled, and highlighted with coloured diamonds. The sample was taken from the PlanetS catalogue (Parc et al. 2024) on July 30, 2024, reporting only planets with mass and radius determinations better than 25% and 8%, respectively. The solid green line indicates the theoretical composition models of Zeng et al. (2019) for an Earth-like composition (mass fractions of 32.5% iron and 67.5% silicates). The dotted dark blue lines correspond to Zeng et al. (2019) theoretical tracks of Earth-like rocky cores with H/He atmospheres by different percentages in mass at 300 K. The dotted orange line shows Rogers et al. (2023) mass-radius distribution derived from photoevaporation models. Dotted purple lines show Turbet et al. (2020) models for steam atmospheres, and the dash-dotted blue lines show Aguichine et al. (2021) compositional tracks at 400 K with a varying water mass fraction.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Mass-radius diagram of synthetic planets with a period of less than 100 d at 2 Gyr around a 0.4 M⊙ star from the simulation of Venturini et al. (2024). Planets are colour-coded by water mass fraction. Most of the simulated planets belong to two distinct populations, of either purely rocky cores or planets containing about 50% water, plus a few of them have an extended envelope. The TOI-406 planets are labelled and highlighted with orange diamonds. TOI-406 c is consistent with the synthetic population of planets having rocky cores, while TOI-406 b seems to have a substantial water mass fraction.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Density properties of the well-characterised small-planet population around M dwarfs. Left: mass–density diagram for small transiting planets around M dwarfs, adapted from Luque & Pallé (2022). The TOI-406 planets are labelled, and highlighted with coloured diamonds. The sample is the same as in Fig. 13. Densities are normalised by Zeng et al. (2019) theoretical model of an Earth-like composition (scaled Earth bulk density, ρ⊕,s, assuming mass fractions of 32.5 % iron and 67.5% silicates). Planets are colour-coded according to their bulk densities, following Luque & Pallé (2022): Earth-like densities (brown), possible water worlds (cyan), and sub-Neptunes with H-He envelops (dark blue). The dotted blue line at 0.65 ρ⊕,s represents the compositional gap suggested by Luque & Pallé (2022). Right: normalised histogram of the sample of planets with mass and radius determinations better than 25% and 8%, respectively. Density is normalised to the Earth-like model. A Gaussian model fitted to the distribution of each planet population is shown with a solid coloured line. The red arrows show the positions of the TOI-406 planets in the density distributions.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Dynamical map for the solution presented in Table 5 for a wide range of orbital periods and eccentricities of the outer planet b. Small values of the fast indicator log [image: equation] characterise regular (long-term stable) solutions, while chaotic solutions are indicated by log [image: equation] approaching 0. The black line represents the so-called collision curve of orbits, defined by the condition: ab(1 + eb) = ac(1 − ec). The vertical dashed black line shows the centre of 4:1 mean-motion resonance. The filled black circle with a white rim indicates the position of the solution with uncertainties for the outer planet b. The resolution for the plot is 401 × 201 points.

      

    

  
    
      Table C.1 

      ESPRESSO RV measurements and activity indicators of TOI-406.

      
        


	BJDTDB
	RV
	dLW
	CRX
	Na I D1
	Na I D2
	Hα
	FWHM
	BIS
	S-index



	(d)
	(m s−1)
	(m2 s−2)
	(m s−1)
	(dex)
	(dex)
	(dex)
	(m s−1)
	(m s−1)
	





	2460140.87040
	7.68 ± 0.52
	−1.8 ± 0.3
	-3.9 ± 3.5
	0.2350 ± 0.0043
	0.2210 ± 0.0044
	0.9420 ± 0.0028
	2724.4 ± 2.3
	4060.1 ± 2.3
	0.966 ± 0.033



	2460143.89259
	5.02 ± 0.51
	−0.7 ± 0.3
	-3.0 ± 3.3
	0.2141 ± 0.0035
	0.2138 ± 0.0037
	0.9588 ± 0.0025
	2727.2 ± 2.0
	4065.8 ± 1.9
	1.029 ± 0.025



	2460146.86288
	6.45 ± 0.48
	−1.6 ± 0.3
	2.8 ± 3.2
	0.2358 ± 0.0037
	0.2221 ± 0.0037
	0.9414 ± 0.0025
	2726.7 ± 2.0
	4063.0 ± 2.0
	0.969 ± 0.024



	…
	…
	…
	…
	…
	…
	…
	…
	…
	…





      

      
Notes. This table is available in its entirety in machine-readable form.




    

  
    
      Table C.2 

      NIRPS RV measurements and activity indicators of TOI-406.

      
        


	BJDTDB
	RV
	FWHM
	Contrast



	(d)
	(m s−1)
	(m s−1)
	





	2460200.88073
	14995.93 ± 5.22
	5501.6 ± 9.9
	0.9999519 ± 9.0E-07



	2460201.87678
	14983.03 ± 4.84
	5493.8 ± 9.2
	0.9999637 ± 7.0E-07



	2460201.88729
	14985.89 ± 5.10
	5483.2 ± 9.7
	0.9999610 ± 8.0E-06



	…
	…
	…
	…





      

      
Notes. This table is available in its entirety in machine-readable form.
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