
    
      Fig. 1. 
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        Observed [NII] 205 μm spectra of the sources in our sample. The orange histogram represents the 1D spectra of submillimeter galaxies, while the red histogram represents the spectra of quasar hosts. The best Gaussian plus continuum fit is shown in solid blue. The dashed blue line represents the mean dust continuum flux for sources undetected in the [NII] 205 μm emission. The gray bar represents the mean error (RMS) of the spectrum, while the black bar represents the width of the [CII] 158 μm line used to estimate the upper limit on the integrated line flux for the non-detections (see Sect. 3.1). The zero velocity is with respect to the reference redshift in Table 1.

      

    

  
    
      Table 1. 

      Sample of this study.

      
        


	Source
	RA
	Dec
	zref
	Transition
	μ(a)
	L[CII]
	LIR
	LFIR/MH2
	Ref.



	
	J2000.0
	J2000.0
	
	
	
	[109 L⊙]
	[1013 L⊙]
	(L⊙/M⊙)
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)





	GN20
	12:37:11.90
	62:22:12.1
	4.0554
	CO(2-1)
	1
	...
	1.52 ± 0.11
	82 ± 8
	4(b),11



	



	ID141
	14:24:13.93
	02:23:04.8
	4.243
	CO(5-4),(4-3)
	5.8
	10.6 ± 1.7
	1.58 ± 0.12
	230 ± 10
	5(b),10



	



	HDF850.1
	12:36:52.02
	62:12:26.0
	5.1853
	[CII] 158 μm
	2.5
	1.1
	0.20 ± 0.05
	255 ± 40
	7(b), 17



	



	PSSJ2322+1944
	23:22:07.18
	19:44:22.4
	4.1199
	CO(5-4),(4-3)
	5.3
	< 1.7
	0.55 ± 0.10
	132 ± 12
	1(b),2,3,8



	



	J2054-0005
	20:54:06.51
	−00:05:14.6
	6.0389
	[CII] 158 μm
	1
	3.36 ± 0.12
	0.90 ± 0.06
	296 ± 171
	13,14(b),16



	



	J2310+1855
	23:10:39.00
	18:55:19.9
	6.0031
	[CII] 158 μm
	1
	8.31 ± 0.41
	2.29 ± 0.04
	240 ± 60
	6(b),9,12,15





      

      
Notes. (1) Source name. (2) Right ascension (J2000.0). (3) Declination (J2000.0). (4) Redshift. (5) Atomic/Molecular transition used to derive redshift estimates. (6) Gravitational magnification factor. (7) [CII] 158 μm luminosity. (8) Infrared luminosity (8–1000 μm). (9) Far infrared-to-molecular gas mass ratio (computed from literature). (10) References for magnification factor, [CII] 158 μm luminosity, and molecular gas mass. The IR luminosities were estimated by fitting the dust spectral energy distribution (SED) with a modified blackbody (see Appendix B). Luminosities are corrected for gravitational magnification. References: 1: Cox et al. (2002), 2: Pety et al. (2004), 3: Solomon & Vanden Bout (2005), 4: Carilli et al. (2011), 5: Cox et al. (2011), 6: Wang et al. (2013), 7: Neri et al. (2014), 8: Valentino et al. (2018), 9: Shao et al. (2019), 10: Cheng et al. (2020), 11: Cortzen et al. (2020), 12: Li et al. (2020), 13: Pensabene et al. (2020), 14: Venemans et al. (2020) 15: Tripodi et al. (2022), 16: Salak et al. (2024), 17: Sun et al. (2024).

(a) The magnification factors are based on measurements from either the [CII] 158 μm or the CO transitions. For this study, we will assume that the magnification strength is the same for the [NII] 205 μm emission as well.


(b) References for redshift.




    

  
    
      Table 2. 

      Observation parameters.

      
        


	Source
	Exp time
	Beam
	Beam PA
	Line sensitivity
	Continuum sensitivity



	
	[h]
	[″]
	[deg]
	[mJy/beam]
	[mJy/beam]



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)





	GN20
	2.62
	1.78 × 1.65
	−92.5
	0.32
	2.5



	ID141
	2.23
	1.84 × 1.59
	−101
	0.40
	8.6



	HDF850.1
	2.45
	2.13 × 1.98
	73.3
	0.36
	0.2



	PSSJ2322+1944
	5.17
	1.26 × 1.24
	18.6
	0.44
	2.6



	J2054-0005
	3.45
	1.57 × 0.79
	197
	0.43
	0.1



	J2310+1855
	3.34
	1.32 × 0.95
	194
	0.34
	0.8





      

      
Notes. (1) Source name. (2) Integration time (six-antennas equivalent). (3) Beam (major × minor axis). (4) Beam position angle. (5) Achieved line sensitivity. (6) Achieved continuum sensitivity.



    

  
    
      Table 3. 

      [NII] 205 μm line properties and luminosity ratios.

      
        


	Source
	Fcont
	Fline
	FWHM
	z[NII]
	L[NII]
	L[NII]/LIR
	L[CII]/L[NII]
	f([CII]PDR)



	
	[mJy]
	[Jy km s−1]
	[km s−1]
	
	[108 L⊙]
	[10−5]
	
	
	



	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)





	GN20
	16.2 ± 2.5
	2.3 ± 0.7
	710 ± 170
	4.0541 ± 0.0010
	9.2 ± 2.8
	6.1 ± 1.9
	...
	...



	ID141
	57.0 ± 8.6
	9.4 ± 2.0
	810 ± 40
	4.2445 ± 0.0030
	6.9 ± 1.6
	4.4 ± 1.1
	15 ± 4
	81% ± 5% (42% ± 16%)



	HDF850.1
	2.0 ± 0.2
	< 0.38( † )
	300( ‡ )
	...
	< 0.88( † )
	< 4.4
	> 12.7
	> 76% (> 27%)



	PSSJ2322
	17.4 ± 2.6
	1.7 ± 0.7
	330 ± 110
	4.1190 ± 0.0007
	1.3 ± 0.6
	2.4 ± 1.2
	< 14.1
	< 78% (< 35%)



	J2054-0005
	0.8 ± 0.1
	< 0.3( † )
	200( ‡ )
	...
	< 2.19( † )
	< 2.4
	> 15.3
	> 80% (> 41%)



	J2310+1855
	5.5 ± 0.8
	< 0.5( † )
	400( ‡ )
	...
	< 3.47( † )
	< 1.5
	> 23.9
	> 87% (> 62%)





      

      
Notes. (1) Source name. (2) Continuum flux density at the frequency of the redshifted reference frequency (Table 1). (3) Integrated line flux. (4) FWHM of the [NII] 205 μm line. (5) Measured [NII] redshift. (6) [NII] 205 μm luminosity. (7) [NII]-to-IR luminosity ratio. (8) [CII]-to-[NII] luminosity ratio. (9) Fraction of [CII] 158 μm emission arising from photon-dominated regions (PDRs) assuming [CII][image: equation]/[NII]205 μm of approximately three (nine; see Sect. 3.3). The errors on fluxes and integrated lines were scaled up by 15% to account for possible calibration uncertainties. The flux densities are apparent values, while all the luminosities are corrected for gravitational magnification. ( † )3σ upper limit on the integrated flux and luminosity. ( ‡ )[CII] 158 μm FWHM used to calculate the limits on the integrated flux and luminosity.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        [NII]-to-IR ratio as a function of IR luminosity for the sources in our sample. Our sample is illustrated as stars, following the same color scheme in Fig. 1. We also compile sources from the local Universe (green triangles) as well as at high redshifts (orange and red squares and blue triangles) that have been detected in [NII] 205 μm emission. The green and blue bars represent the mean error bars for their respective data points. All luminosities have been corrected for gravitational magnification. Our new measurements further populate the sparser high end of the infrared luminosity regime of such sources.

      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        [CII]-to-[NII] ratio as a function of IR luminosity for the sources in our sample as well as for galaxies taken from the literature that are detected in both [CII] 158 μm and [NII] 205 μm, assuming the commonly adopted [CII][image: equation]/[NII]205 μm value of approximately three, following the study from Oberst et al. (2006). The color scheme adopted is the same as in Fig. 2. Most of the sources in our sample show a value greater than ten, indicating that the bulk of the [CII] emission of our sources arises from the neutral medium.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        The [NII] 205 integrated line maps and the corresponding continuum maps of the submillimeter galaxies (upper panel) and the quasar hosts (lower panel) from our sample. The [NII] 205 maps were integrated over the width of their respective [NII] 205 μm FWHM (and over the [CII] 158 μm FWHM for sources undetected in the [NII] 205 μm emission). The full (dashed) contours represent the +(-) 2σ, 4σ, 6σ, 8σ, 16σ regions, where σ is the rms noise of the integrated maps. The respective synthesized beam sizes (if present) are shown in the lower left corner of each panel. To guide the eye, a green dotted circle is placed centering the measured continuum coordinates of the source. The respective continuum maps are shown below the [NII] 205 μm integrated maps.

      

    

  
    
      Table B.1. 

      Results of the MCMC SED fitting

      
        


	Source
	Mdust
	Tdust
	β
	LIR



	
	[109M⊙]
	[K]
	
	[1013L⊙]





	GN20
	1.99 ± 0.14
	32.9 ± 0.7
	1.95‡
	1.52 ± 0.11



	



	ID141
	7.67 ± 0.52
	38.1 ± 0.9
	1.80‡
	1.58 ± 0.12



	



	HDF850.1
	0.23 ± 0.07
	30.7 ± 2.3
	2.50‡
	0.20 ± 0.05



	



	PSSJ2322+1944
	2.51 ± 0.37
	38.1 ± 3.9
	1.84 ± 0.20
	0.55 ± 0.10



	



	J2054-0005
	0.17 ± 0.02
	59.7 ± 1.1
	1.83 ± 0.07
	0.90 ± 0.06



	



	J2310+1855
	0.43 ± 0.02
	67.0 ± 0.3
	1.88 ± 0.03
	2.29 ± 0.04





      

      
Notes. (1) Source name. (2) Dust mass. (3) Dust temperature. (4) Dust spectral emissivity index. (5) Infrared luminosity (8-1000 μm). ‡For submillimeter galaxies, the emissivity indices were kept fixed during the MCMC fit and were adopted from Cortzen et al. (2020), Cheng et al. (2019), and Walter et al. (2012) for GN20, ID141, and HDF850.1, respectively.



    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        Dust SED fit for GN20, ID141, and HDF. See text for more information.

      

    

  
    
      Fig. B.2. 

      
        [image: thumbnail]
      

      
        Dust SED fit for PSSJ2322+1944, J2054-0005, and J2310+1855. See text for more information.

      

    

  
    
      Table B.2. 

      Continuum flux densities from literature used in the dust SED fit.

      
        


	λ
	Fλ
	Reference



	(μm)
	(mJy)
	



	




	GN20





	250
	18.6 ± 2.7
	Magdis et al. (2011)



	350
	41.3 ± 5.2
	Magdis et al. (2011)



	500
	39.7 ± 6.1
	Magdis et al. (2011)



	850
	20.3 ± 2.0
	Pope et al. (2006)



	880
	16.0 ± 1.0
	Hodge et al. (2015)



	1100
	10.7 ± 1.0
	Perera et al. (2008)



	1860
	2.8 ± 0.13
	Cortzen et al. (2020)



	2200
	0.9 ± 0.15
	Dannerbauer et al. (2009)



	3050
	0.36 ± 0.05
	Cortzen et al. (2020)



	3300
	0.33 ± 0.06
	Daddi et al. (2009)



	




	ID141



	




	250
	115.0 ± 19.0
	Cox et al. (2011)



	350
	192.0 ± 30.0
	"



	500
	204.0 ± 32.0
	"



	870
	102.0 ± 8.8
	"



	880
	90.0 ± 5.0
	"



	1200
	36.0 ± 2.0
	"



	1950
	9.7 ± 0.9
	"



	2750
	1.8 ± 0.3
	"



	3000
	1.6 ± 0.2
	"



	3290
	1.2 ± 0.1
	"



	




	HDF850.1



	




	450
	13.0 ± 2.7
	Cowie et al. (2017)



	850
	5.88 ± 0.33
	Chapin et al. (2009)



	975
	6.8 ± 0.8
	Walter et al. (2012)



	977
	4.6
	Neri et al. (2014)



	1300
	2.2 ± 0.3
	Downes et al. (1999)



	2000
	0.42 ± 0.13
	Staguhn et al. (2014)



	2681
	0.13 ± 0.3
	Walter et al. (2012)



	




	PSSJ2322+1944



	




	350
	79.0 ± 11.0
	Beelen et al. (2006)



	450
	75.0 ± 19.0
	Cox et al. (2002)



	857
	22.5 ± 2.5
	Carilli et al. (2001)



	1298
	9.6 ± 0.5
	Omont et al. (2001)



	1332
	7.5 ± 1.3
	Cox et al. (2002)



	1486
	5.79 ± 0.77
	Butler et al. (2023)



	3123
	0.31 ± 0.08
	Pety et al. (2004)



	3331
	0.4 ± 0.25
	Cox et al. (2002)



	




	J2054-0005



	




	444
	9.87 ± 0.94
	Tripodi et al. (2024)



	612
	10.35 ± 0.15
	Hashimoto et al. (2019)



	866
	5.723 ± 0.009
	Salak et al. (2024)



	1136
	3.08 ± 0.03
	Tripodi et al. (2024)



	1142
	2.93 ± 0.07
	Tripodi et al. (2024)



	1199
	2.38 ± 0.53
	Wang et al. (2008)



	3249
	0.082 ± 0.009
	Tripodi et al. (2024)



	




	J2310+1855



	




	609
	24.89 ± 0.21
	Hashimoto et al. (2019)



	611
	25.31 ± 0.19
	Tripodi et al. (2022)



	871
	14.63 ± 0.34
	Tripodi et al. (2022)



	1037
	11.77 ± 0.12
	Tripodi et al. (2022)



	1052
	11.05 ± 0.16
	Tripodi et al. (2022)



	1130
	8.81 ± 0.13
	Tripodi et al. (2022)



	1139
	7.73 ± 0.31
	Tripodi et al. (2022)



	1199
	8.29 ± 0.63
	Wang et al. (2013)



	1959
	1.63 ± 0.06
	Tripodi et al. (2022)



	2126
	1.4 ± 0.02
	Tripodi et al. (2022)



	2194
	1.29 ± 0.03
	Tripodi et al. (2022)



	3028
	0.4 ± 0.05
	Wang et al. (2013)



	3276
	0.29 ± 0.01
	Tripodi et al. (2022)
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