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T h e [ C II] / [ N II] distri b uti o n i n S P T S M Gs 4 0 9 1

1 I N T R O D U C T I O N

O bs er vi n g f ar-i nfr ar e d ( FI R) l u mi n o us g al a xi es at hi g h r e ds hift
is a cr u ci al st e p i n u n d erst a n di n g t h e e v ol uti o n of g al a xi es as
t h e y hi g hli g ht p eri o ds of i nt e ns e st ar f or m ati o n t h at  m a y r e pr e-
s e nt pi v ot al gr o wt h p eri o ds i n a g al a x y’s e v ol uti o n ( e. g.  C as e y,
N ar a y a n a n  &  C o or a y 2 0 1 4 ).  At z ∼ 2, s u b- milli m etr e g al a xi es
( S M Gs)  m a y h a v e a c c o u nt e d f or 5 0 p er c e nt of st ar f or m ati o n i n t h e
U ni v ers e ( War dl o w et al. 2 0 1 1 ).  At hi g h r e ds hift, t h e FI R e missi o n
fr o m t h es e g al a xi es p e a ks at s u b- milli m etr e  w a v el e n gt hs i n t h e
o bs er v er’s fr a m e, all o wi n g eff e cti v e s el e cti o n at s u b- m m or l o n g er
w a v el e n gt hs.  T h e p e a k r e ds hift at  w hi c h t h e y ar e pr e d o mi n a ntl y
f o u n d d e p e n ds o n t h e  w a v el e n gt h of t h e s ur v e y: at ∼ 8 5 0 μ m, t h e
p e a k is cl os e t o z ∼ 2. 5 ( C h a p m a n et al. 2 0 0 3 , 2 0 0 5 ),  w hil e at t h e 1 –
2  m m r e gi m e of t h e S o ut h P ol e  Tel es c o p e ( S P T) s ur v e y, t h e  m e di a n
r e ds hift i n cr e as es t o z ∼ 4 ( Wei ß et al. 2 0 1 3 ; Str a n d et et al.
2 0 1 6 ).  R e g ar dl ess of  w a v el e n gt h of s el e cti o n, t h e y dis pl a y r a pi d
st ar f or m ati o n s o m eti m es e x c e e di n g 1 0 3 M yr − 1 ( S wi n b a n k et al.
2 0 1 4 ), a n d h a v e st ell ar  m ass es of t h e or d er of 1 01 1 M ( H ai nli n e
et al. 2 0 1 1 ;  Mi c h al o ws ki, et al. 2 0 1 2 ; M a et al. 2 0 1 5 ).  T h eir r a pi d
e v ol uti o n e arl y i n c os mi c ti m e c o nti n u es t o p us h c urr e nt si m ul ati o ns
t o  m at c h t h eir d et ail e d pr o p erti es ( e. g. S hi mi z u,  Yos hi d a  &  O k a m ot o
2 0 1 2 ;  H a y w ar d et al. 2 0 1 3 ;  N ar a y a n a n et al. 2 0 1 5 ;  C o wl e y et al.
2 0 1 7 ).

I n hi g h-r e ds hift d ust y g al a xi es,  m or e tr a diti o n al o pti c al a n d
ultr a vi ol et li n e di a g n osti cs ar e n ot p ossi bl e d u e t o hi g h d ust
att e n u ati o n. Fi n e-str u ct ur e tr a nsiti o n li n es s u c h as [ C II] 1 5 8 μ m
(2 P 3/ 2 → 2 P 1/ 2 ) a n d [ N II] 2 0 5 μ m ( 3 P 1 → 3 P 0 ) ( h er e aft er [ C II] a n d
[ N II]) off er i m p ort a nt i nsi g ht i nt o t h e pr o p erti es of t h e i nt erst ell ar
m e di u m (I S M) a n d i m p ort a ntl y ar e n ot si g ni fi c a ntl y aff e ct e d b y d ust
att e n u ati o n.  T h e [ C II]-t o-[ N II] r ati o c a n pr o b e p h ysi c al p ar a m et ers
of t h e I S M.  Ass u mi n g a pr ess ur e- e q uili bri u m g as cl o u d  wit h a r a n g e
of g as d e nsiti es a n d i o ni z ati o n p ar a m et ers at its ill u mi n at e d s urf a c e,
N a g a o et al. ( 2 0 1 2 ) us e d C L O U D Y m o d elli n g ( F erl a n d et al. 1 9 9 8 )
t o s h o w t h at t h e [ C II]-t o-[ N II] fl u x r ati o d e cr e as es  m o n ot o ni c all y
wit h g as  m et alli cit y.  H o w e v er, b e c a us e of d e p e n d e n c es of t his r ati o
o n t h e u n k n o w n d e nsit y a n d i o ni z ati o n p ar a m et ers, a d diti o n al li n es
s u c h as [ N II] 1 2 2 μ m a n d [ O I] 1 4 5 μ m ar e n e e d e d t o br e a k t h e
d e g e n er a c y  wit h t h es e p ar a m et ers ( N a g a o et al. 2 0 1 2 ). Si n c e [ C II]
e missi o n ori gi n at es fr o m b ot h i o ni z e d a n d n e utr al g as,  w hil e [ N II]
is pri m aril y e mitt e d fr o m i o ni z e d g as, t h e [ C II]-t o-[ N II] r ati o c a n
pr o b e t h e a b u n d a n c e of i o ni z e d a n d n e utr al g as r e gi o ns i n a g al a x y’s
I S M ( D e c arli et al. 2 0 1 4 ).

S e v er al pr e vi o us st u di es h a v e us e d t h e [ C II]-t o-[ N II] li n e r ati o t o
i n v esti g at e t h e I S M pr o p erti es of l u mi n o us, hi g h-r e ds hift g al a xi es
i n cl u di n g S M Gs ( e. g.  N a g a o et al. 2 0 1 2 ;  D e c arli et al. 2 0 1 4 ;
B ét h er mi n et al. 2 0 1 6 ; P a v esi et al. 2 0 1 6 , 2 0 1 9 ;  U m e h at a et al.
2 0 1 7 ;  Ta d a ki et al. 2 0 1 9 ).  T h e y  m e as ur e a l ar g e r a n g e i n t h e li n e
r ati o, i n di c ati n g t h es e g al a xi es h a v e di v ers e I S M c o n diti o ns.  At l o w
r e ds hift,  H err er a- C a m us et al. (2 0 1 6 ) us e d [ N II] 1 2 2 μ m a n d 2 0 5
μ m e missi o n li n es t o c o nstr ai n g as d e nsit y a n d st ar f or m ati o n r at e
( S F R),  w hil e  C or mi er et al. (2 0 1 5 ) f o u n d ( usi n g t h e [ N II] 1 2 2 μ m
li n e) t h at t h e i o ni z e d  m e di u m c o ntri b ut es littl e t o t h e [ C II] e missi o n
i n t h eir d w arf g al a x y s a m pl e.

T his p a p er pr es e nts  m e as ur e m e nts of [ N II] i n 4 0 gr a vit ati o n all y
l e ns e d S M Gs b et w e e n 3 < z < 6 fr o m t h e S P T s ur v e y.  T his is
t h e first u nif or ml y s el e ct e d l ar g e s a m pl e of S M Gs  wit h [ N II]
d et e cti o ns at hi g h r e ds hift.  W h e n c o m bi n e d  wit h 2 9 a d diti o n al
[ C II] o bs er v ati o ns, t h es e  m e as ur e m e nts all o w us t o  m a k e t h e first
c h ar a ct eri z ati o n of t h e hi g h-r e ds hift L [ C II] /L [ N II] di stri b uti o n i n
S M Gs usi n g a u nif or ml y s el e ct e d s a m pl e. Its  wi d e r e ds hift r a n g e
m a k es it a u ni q u e s a m pl e t o st u d y t h e p ossi bl e e v ol uti o n i n t h e I S M

of hi g h-r e ds hift S M Gs i n c o m p aris o n t o l o c al l u mi n o us i nfr ar e d
g al a xi es ( LI R Gs). Si n c e t h e S P T g al a xi es ar e gr a vit ati o n all y l e ns e d,
e v e n t h e r el ati v el y f ai nt [ N II] e mitti n g s o ur c es c a n b e d et e ct e d
q ui c kl y  wit h t h e  M orit a  At a c a m a  C o m p a ct  Arr a y ( A C A) of t h e
At a c a m a  L ar g e  Milli m et er/s u b milli m et er  Arr a y ( A L M A).  T his
all o ws f or a c o m pl et e c h ar a ct eri z ati o n of t h e L [ C II] /L [ N II] r ati o
i n t h e ultr al u mi n o us g al a x y p o p ul ati o n (L FI R > 1 0 1 2 L ) at hi g h
r e ds hift.  We ass u m e a  H u b bl e c o nst a nt H 0 = 7 0 k m s − 1 M p c − 1 a n d
d e nsit y p ar a m et ers = 0. 7 a n d m = 0. 3 t hr o u g h o ut.

2  S A M P L E  S E L E C T I O N,  O B S E R V A T I O N S,  A N D
D A T A  R E D U C T I O N

T his s a m pl e of 4 0 gr a vit ati o n all y l e ns e d S M Gs is s el e ct e d fr o m
t h e S P T S u n y a e v – Z el d o vi c h ( S P T – S Z) s ur v e y ( Vi eir a et al. 2 0 1 0 ;
M o c a n u et al. 2 0 1 3 ) c o v eri n g 2 5 0 0 d e g2 at 3, 2, a n d 1. 4  m m
w a v el e n gt hs.  We s el e ct e d a s u bs et of s o ur c es  wit h 3 < z < 6 i n
or d er t o e n a bl e o bs er v ati o n of t h e [ N II] 2 0 5 μ m li n e  wit hi n b a n ds
6 a n d 7 of  A C A, i n cl u di n g  m a n y s o ur c es t h at h a d e xisti n g [ C II]
o bs er v ati o ns ( e. g.  G ull b er g et al. 2 0 1 5 ).  E a c h s o ur c e h as a s e c ur e
s p e ctr os c o pi c r e ds hift ( Ta bl e 1 ) d et er mi n e d pri m aril y usi n g  C O
tr a nsiti o ns a n d ot h er fi n e-str u ct ur e li n es (s e e Str a n d et et al. 2 0 1 6
f or d et ails).

T h e [ N II] li n e o bs er v ati o ns f or all s o ur c es  w er e o bs er v e d
wit h  A C A i n  C y cl e 4 ( PI:  C h a p m a n, 2 0 1 6. 1. 0 0 1 3 3. T), e x c e pt
f or S P T 2 1 3 2 – 5 8 t h at  w as o bs er v e d  wit h t h e  A L M A 1 2  m arr a y
( Bét h er mi n et al. 2 0 1 6 ).  A C A is i d e al f or o ur  m e as ur e m e nts of
t h e t ot al [ N II] li n e fl u x fr o m l e ns e d s o ur c es  wit h l ar g e ( u p t o
∼ 1. 5 ar cs e c)  Ei nst ei n r a dii b e c a us e its F W H M b e a m si z e is 3 – 4
ar cs e c at t h es e fr e q u e n ci es,  wit h t h e s h ort o bs er v ati o ns t y pi c all y
yi el di n g el o n g at e d b e a ms d u e t o r estri ct e d  U V c o v er a g e.  T h e  A C A
s e nsiti vit y is still s uf fi ci e nt t o d et e ct t his r el ati v el y f ai nt [ N II] li n e
( c o m p ar e d t o t h e  m u c h bri g ht er [ C II]) i n t h e gr a vit ati o n all y l e ns e d
S M Gs.  T h e [ C II] o bs er v ati o ns us e d h er e  w er e t a k e n  wit h t h e si n gl e-
dis h  At a c a m a P at h fi n d er  E x p eri m e nt ( A P E X) a n d ar e d es cri b e d i n
d et ail i n  G ull b er g et al. ( 2 0 1 5 ).

T h e [ N II] d at a  w er e r e d u c e d usi n g t h e  C o m m o n  Astr o n o m y
S oft w ar e  A p pli c ati o ns p a c k a g e ( C A S A ) v ersi o n 4. 7 ( M c M ulli n et al.
2 0 0 7 ). C A S A ’s C L E A N f u n cti o n  w as us e d t o g e n er at e c o nti n u u m
i m a g es a n d li n e c u b es.  T h e C L E A N d e pt h v ari e d d e p e n di n g o n t h e
s o ur c e, b ut  w as b et w e e n 2 σ a n d 5 σ .  T h e t y pi c al pi x el si z e  w as 1
ar cs e c  wit h b e a m s e mi m aj or (s e mi mi n or) a x es of a p pr o xi m at el y 5 –
7 ar cs e c ( 3 – 4) ar cs e c.  O ur o bs er v ati o ns of [ N II] a n d [ C II] li n es ar e
s h o w n i n Fi g. 2 .  O ur o bs er v ati o ns a c hi e v e d r ms c o nti n u u m n ois e of
0. 5 – 0. 9  mJ y p er b e a m.

Fi g. 1 ill ustr at es c o nti n u u m i m a g es of t w o of t h e  m ost e xt e n d e d
l e ns e d S M Gs i n o ur s a m pl e, o n e fr o m e a c h of b a n ds 6 a n d 7,  wit h
hi g h-r es ol uti o n  A L M A b a n d 7 c o nti n u u m c o nt o urs s u p er p os e d.
T his fi g ur e ill ustr at es t h at o ur  A C A o bs er v ati o ns ar e u nr es ol v e d
e v e n f or t h e l ar g est s o ur c es.  T o t est t his ass u m pti o n,  w e e xtr a ct e d
b ot h c o nti n u u m a n d li n e fl u x fr o m elli pti c al a p ert ur e r e gi o ns
c orr es p o n di n g t o 1 × a n d 1. 5 × t h e b e a m si z e, i n a d diti o n t o a p oi nt
s o ur c e, si n gl e pi x el e xtr a cti o n.  T h es e a p ert ur e e xtr a cti o ns di d n ot
alt er ( or i n cr e as e) t h e li n e fl u x  m e as ur e m e nt, i n di c ati n g c o m pl et e
fl u x c o nt ai n e d  wit hi n t h e e xtr a cti o n pi x el. [ N II] s p e ctr al li n es a n d
t h e c orr es p o n di n g c o nti n u u m  w er e e xtr a ct e d at t h e p e a k of e missi o n
f or all s o ur c es,  wit h a si n gl e pi x el e xtr a cti o n, a n d ar e s h o w n i n Fi g. 2
wit h i nt e gr at e d li n e fl u x es a n d l u mi n ositi es gi v e n i n  Ta bl e 1 . T h e
c o nti n u u m e missi o n is s u btr a ct e d usi n g a z er ot h- or d er p ol y n o mi al
m at c h e d t o t h e fl u x b as eli n e of off-li n e r e gi o ns.

I n Fi g. 2 ,  w e pl ot [ N II], [ C II], a n d eit h er  C O( 5 – 4) or  C O( 4 3)
fr o m Str a n d et et al. (2 0 1 6 ), d e p e n di n g o n r e ds hift. I n or d er t o  m ost
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4 0 9 2 D. J.  M.  C u n ni n g h a m et al.

T a bl e 1. O bs er v e d pr o p erti es f or o ur 4 1 S M Gs or d er e d b y μ S [ N II] , t h e o bs er v e d li n e fl u x  wit h o ut gr a vit ati o n al l e nsi n g c orr e cti o n.  T h e [ N II]
pr o p erti es ar e d et er mi n e d fr o m a si n gl e pi x el e xtr a ct e d [ N II] s p e ctr a.  T h e i nstri ni c fl u x is d et er mi n e d b y di vi di n g t h e o bs er v e d fl u x b y t h e gr a vit ati o n al
l e nsi n g f a ct or μ .  R e ds hifts ar e pr o vi d e d fr o m Str a n d et et al. (2 0 1 6 ),  w hil e l e nsi n g  m o d els a n d μ v al u es c a n b e f o u n d i n S pil k er et al. ( 2 0 1 6 ). F or
s o ur c es  wit h o ut l e nsi n g  m o d els,  w e ass u m e o ur  m e di a n  m a g ni fi c ati o n of μ = 6. 3 f or str o n gl y l e ns e d S M Gs ( S pil k er et al. 2 0 1 6 ). S o ur c es  wit h  m o d el
m a g ni fi c ati o ns cl os e t o or e q u al t o 1 ar e li k el y u nl e ns e d s yst e ms, s o m e s us p e ct e d t o b e t h e c or es of d e ns e pr ot o cl ust ers ( e. g.  Mill er et al. 2 0 1 8 ).
S o ur c es  wit h o ut a f ull  wi dt h at h alf- m a xi m u m ( F W H M) list e d i n t h e [ C II] c ol u m n d o n ot h a v e [ C II] o bs er v ati o ns. S o ur c es  wit h o ut a n F W H M list e d
i n t h e [ N II] c ol u m n h a v e li n e pr o fil es t o o n ois y t o r eli a bl y fit  wit h a  G a ussi a n f u n cti o n.

S o ur c e z μ S [ N II]
a S N R [ N II]

b μ L [ N II] μ S [ C II] F W H M [ N II] F W H M [ C II] μ
( J y k m s− 1 ) (× 1 0 8 L ) (J y k m s− 1 ) ( k m s− 1 ) ( k m s− 1 )

0 5 2 9 – 5 4 3. 3 6 8 9 1 3. 6 ± 1. 7 9. 3 4 0. 4 ± 5. 0 6 4. 6 ± 7. 7 4 1 5 ± 4 4 7 3 3 ± 8 1 1 3. 2 ± 0. 8
0 1 0 3 – 4 5 3. 0 9 1 7 1 2. 1 ± 2. 3 1 1. 7 3 1. 2 ± 5. 9 1 9 0. 4 ± 2 3. 8 4 2 9 ± 6 7 2 3 9 ± 3 9 5. 1 ± 0. 1
0 1 5 5 – 6 2 4. 3 4 9 1 1. 6 ± 1. 0 5. 7 5 1. 6 ± 4. 5 2 6. 3 ± 6. 2 7 3 2 ± 1 0 4 7 6 0 ± 1 2 7 6. 3 ± 1. 0 c

2 1 4 6 – 5 5 4. 5 6 7 2 9. 3 ± 0. 7 1 2. 7 4 4. 6 ± 3. 4 1 1. 3 ± 5. 8 4 4 2 ± 5 5 2 7 7 ± 7 3 6. 6 ± 0. 4
0 1 1 3 – 4 6 4. 2 3 2 8 9. 1 ± 0. 5 8. 7 3 8. 8 ± 2. 1 4 9. 7 ± 1 2. 8 6 1 6 ± 6 5 5 7 8 ± 1 3 6 2 3. 9 ± 0. 5
0 5 3 2 – 5 0 3. 3 9 8 8 9. 0 ± 0. 8 7. 3 2 7. 1 ± 2. 4 9 1. 7 ± 1 1. 2 7 5 5 ± 1 2 3 7 1 9 ± 1 2 5 1 0. 0 ± 0. 6
2 3 5 7 – 5 1 3. 0 7 0 3 8. 7 ± 1. 1 7. 3 2 2. 2 ± 2. 8 9. 1 ± 4. 6 6 9 2 ± 1 2 9 7 4 3 ± 2 0 2 2. 9 ± 0. 1
2 0 3 7 – 6 5 4. 0 0 0 8. 4 ± 0. 7 8. 1 3 2. 8 ± 2. 7 – 5 0 3 ± 7 6 – 6. 3 ± 1. 0 c

0 1 0 9 – 4 7 3. 6 1 3 7 8. 1 ± 1. 8 9. 1 2 6. 9 ± 6. 0 – 5 4 5 ± 7 5 – 1 0. 2 ± 1. 0
2 1 4 7 – 5 0 3. 7 6 0 2 7. 9 ± 0. 6 9. 1 2 8. 0 ± 2. 1 2 4. 4 ± 7. 5 5 7 0 ± 6 3 5 3 4 ± 1 0 4 6. 6 ± 0. 4
0 0 2 0 – 5 1 4. 1 2 2 8 7. 5 ± 0. 6 9. 4 3 0. 7 ± 2. 5 – 4 5 9 ± 6 6 – 4. 2 ± 0. 1
0 0 2 7 – 5 0 3. 4 4 3 6 7. 3 ± 0. 9 8. 2 2 2. 5 ± 2. 8 – 2 8 8 ± 3 8 – 5. 1 ± 0. 2
0 4 1 8 – 4 7 4. 2 2 4 8 7. 2 ± 0. 6 1 2. 5 3 0. 6 ± 2. 6 1 3 8. 1 ± 1 0. 4 3 6 6 ± 3 5 3 2 2 ± 3 7 3 2. 7 ± 0. 7
2 1 0 3 – 6 0 4. 4 3 5 7 5. 8 ± 0. 6 8. 7 2 6. 6 ± 2. 8 1 5. 6 ± 1 0. 4 6 7 0 ± 1 1 0 6 0 2 ± 2 0 4 2 7. 8 ± 1. 8
0 4 5 9 – 5 9 4. 7 9 9 3 5. 5 ± 0. 8 8. 2 2 8. 5 ± 4. 1 – 4 6 4 ± 6 3 – 4. 2 ± 0. 4
0 5 5 1 – 5 0 3. 1 6 4 5. 2 ± 1. 3 5. 9 1 3. 9 ± 3. 5 2 1 6. 1 ± 1 6. 3 7 7 5 ± 2 7 3 7 3 4 ± 9 5 4. 5 ± 0. 5 d

2 1 0 1 – 6 0 3. 1 5 6 5. 0 ± 1. 8 6. 0 1 3. 3 ± 4. 8 9. 3 ± 1 3. 8 6 8 2 ± 2 7 3 3 5 3 ± 1 8 9 6. 3 ± 1. 0 c

0 1 3 6 – 6 3 4. 2 9 9 4. 8 ± 0. 7 3. 8 2 1. 0 ± 3. 1 3 3. 3 ± 2. 9 5 0 0 ± 1 2 8 5 2 6 ± 1 1 5 6. 3 ± 1. 0 c

0 1 2 5 – 5 0 e 3. 9 5 9 4. 7 ± 0. 9 4. 2 1 8. 1 ± 3. 5 – – – 1 4. 1 ± 0. 5
0 3 4 5 – 4 7 4. 2 9 5 8 4. 4 ± 0. 7 4. 9 1 9. 2 ± 3. 1 1 5. 4 ± 4. 3 3 5 0 ± 7 5 6 6 9 ± 1 7 7 8. 0 ± 0. 5
2 0 4 8 – 5 5 4. 0 8 9 4. 4 ± 1. 1 3. 0 1 7. 8 ± 4. 4 – 4 7 2 ± 1 5 6 – 6. 3 ± 0. 7
0 5 5 0 – 5 3 e 3. 1 2 8 4. 2 ± 1. 4 4. 5 1 1. 0 ± 3. 7 8 8. 1 ± 8. 6 – 7 8 9 ± 1 6 5 6. 3 ± 1. 0 c

0 4 5 9 – 5 8 4. 8 5 6 4. 1 ± 0. 7 4. 0 2 1. 6 ± 3. 7 – 5 2 5 ± 1 4 3 – 5. 0 ± 0. 6
2 3 1 1 – 5 4 4. 2 7 9 5 3. 6 ± 0. 6 3. 9 1 5. 6 ± 2. 6 4 5. 3 ± 4. 6 3 1 5 ± 1 2 9 3 5 2 ± 5 2 6. 3 ± 1. 0 c

0 2 4 3 – 4 9 e 5. 6 9 9 3. 3 ± 0. 9 3. 9 2 2. 1 ± 6. 0 1 7. 4 ± 2. 7 – 7 9 6 ± 2 0 2 6. 7 ± 0. 5
0 3 4 8 – 6 2 5. 6 5 6 3. 0 ± 0. 6 4. 8 1 9. 9 ± 4. 0 1 9. 6 ± 3. 4 5 0 7 ± 2 1 3 5 0 6 ± 1 3 2 1. 2 ± 0. 0 1
2 3 4 0 – 5 9 3. 8 6 4 2. 6 ± 0. 5 4. 5 9. 6 ± 1. 8 4 8. 1 ± 8. 5 5 7 9 ± 1 9 8 4 7 3 ± 2 2 0 3. 4 ± 0. 3
0 5 1 6 – 5 9 3. 4 0 4 5 2. 6 ± 0. 8 3. 8 7. 9 ± 2. 4 – 1 5 6 ± 2 5 4 – 6. 3 ± 1. 0 c

0 2 4 5 – 6 3 5. 6 2 6 2. 4 ± 0. 2 2. 9 1 5. 8 ± 1. 3 2 6. 9 ± 4. 5 2 4 1 ± 8 3 3 8 3 ± 6 5 1. 0 ± 0. 0 1
2 3 5 3 – 5 0 5. 5 7 6 2. 2 ± 0. 3 2. 6 1 4. 3 ± 1. 9 2 0. 7 ± 6. 4 6 1 3 ± 4 0 5 4 2 9 ± 2 4 7 6. 3 ± 1. 0
0 3 0 0 – 4 6 e 3. 5 9 5 4 2. 1 ± 1. 2 4. 2 6. 9 ± 4. 0 1 5. 7 ± 5. 1 – 4 1 4 ± 2 3 7 5. 7 ± 0. 4
2 3 1 9 – 5 5 5. 2 9 2 9 2. 0 ± 0. 8 3. 9 1 2. 0 ± 4. 8 3 9. 2 ± 4. 7 3 3 9 ± 2 4 5 1 7 6 ± 2 8 6. 9 ± 0. 6
0 3 1 9 – 4 7 4. 5 1 2. 0 ± 0. 5 3. 5 9. 4 ± 2. 4 1 1. 4 ± 1 0. 5 2 5 9 ± 4 2 5 6 2 ± 1 8 2 2. 9 ± 0. 3
2 3 0 7 – 5 0 3. 1 0 5 1. 9 ± 0. 6 3. 2 4. 9 ± 1. 6 – ∼ 9 8 – 6. 3 ± 1. 0 c

2 1 3 2 – 5 8 f 4. 7 6 7 7 1. 7 ± 0. 2 1 1. 5 8. 9 ± 0. 8 3 5. 9 ± 6. 9 2 4 5 ± 1 6 2 1 2 ± 4 3 5. 7 ± 0. 5
0 4 4 1 – 4 6 4. 4 7 7 1 1. 5 ± 0. 5 2. 9 7. 0 ± 2. 3 2 6. 3 ± 5. 8 3 9 3 ± 1 0 6 5 4 6 ± 1 2 3 1 2. 7 ± 1. 0
2 3 4 9 – 5 6 4. 3 0 4 1. 1 ± 0. 5 2. 9 4. 8 ± 2. 2 – – – 1. 0
0 2 0 2 – 6 1 5. 0 1 8 0. 0 3 6 g 4. 5 – 1 9. 3 ± 4. 1 ∼ 6 0 7 7 1 ± 3 2 5 9. 1 ± 0. 0 7
0 3 4 6 – 5 2 5. 6 5 5 9 > 0. 9 2. 9 > 6. 0 6 4. 1 ± 8. 2 ∼ 6 4 4 8 6 ± 8 5 5. 6 ± 0. 1
2 0 5 2 – 5 6 4. 2 5 7 0. 1 ± 0. 4 2. 3 0. 4 ± 1. 7 1 4. 6 ± 1. 8 ∼ 9 1 3 8 2 ± 1 2 2 1. 0
2 3 5 1 – 5 7 5. 8 1 1 > − 0. 8 2. 7 > − 5. 5 5. 4 ± 2. 7 3 8 3 ± 4 0 9 5 3 9 ± 8 2 6. 3 ± 1. 0 c

a Err ors q u ot e d ar e r ms fr o m t h e 1 D s p e ctr a.
b Si g n al-t o- n ois e r ati o d et er mi n e d fr o m t h e s o ur c e p e a k i n u v - pl a n e c o nti n u u m-s u btr a ct e d c h a n n el  m a ps.
c μ = 6 .3 is ass u m e d.  N o l e nsi n g  m o d el.
d L e ns  m o d el b y  K. S h ar o n ( pri v at e c o m m u ni c ati o n).
e T h e [ N II] s p e ctr a f or t h es e s o ur c es d o n ot h a v e s uf fi ci e nt b as eli n e t o c o m pl et el y c o v er t h e  C O li n e pr o fil e.  T h e fl u x es q u ot e d f or [ N II] a n d [ C II]
ar e tr u n c at e d t o t h e [ N II] s p e ctr al c o v er a g e.
fFr o m  B ét h er mi n et al. ( 2 0 1 6 ).
g P ositi v e fl u x  m e as ur e m e nt fr o m c h a n n el  m a p (J y p er b e a m).  O ur pr o c e d ur e f or  m e as uri n g t ot al fl u x r es ults i n a n e g ati v e v al u e f or t his s o ur c e.

r eli a bl y d et er mi n e t h e i nt e gr at e d fl u x es i n b ot h [ N II] a n d [ C II],
w e us e t h e F W H M C O of t h e hi g h S N R  C O li n es t o d et er mi n e t h e
v el o cit y r a n g e o v er  w hi c h t o s u m o ur [ N II] a n d [ C II] d et e cti o ns.
We first fit t h e  C O li n e pr o fil es  wit h a si n gl e  G a ussi a n f u n cti o n
a n d t h e n us e t his t o o bt ai n o ur li n e fl u x  m e as ur e m e nts b y s u m mi n g
[ N II] a n d [ C II] o v er a v el o cit y r a n g e 2 × F W H M C O , c o v eri n g t h e

f ull  wi dt h of o ur [ N II] li n e pr o fil es. F or bri g ht er [ N II] s o ur c es,  w e
c o n fir m e d t hr o u g h a c ur v e of gr o wt h a n al ysis t h at t his r e pr es e nts
> 9 5 p er c e nt of t h e li n e fl u x,  w hil e f or f ai nt er [ N II] s o ur c es t his
a v oi ds l ar g e v ari ati o ns i n t h e li n e fl u x  m e as ur e m e nt fr o m i nt e gr ati n g
n ois e fl u ct u ati o ns o utsi d e t h e li n e fr e q u e n ci es. F or s o ur c es  wit h b ot h
[ N II] a n d [ C II] o bs er v ati o ns,  w e c o m p ar e d t h e F W H M d et er mi n e d
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T h e [ C II] / [ N II] distri b uti o n i n S P T S M Gs 4 0 9 3

Fi g u r e 1. T w o e x a m pl es of o ur  A L M A  A C A [ N II] li n e o bs er v ati o ns, o n e
fr o m e a c h of b a n ds 6 a n d 7, s h o wi n g t h e [ N II] d et e cti o n as a c h a n n el
m a p o pti mi z e d o v er t h e F W H M of t h e li n e i n gr e y-s c al e.  T h e r e d c o nt o urs
r e pr es e nt c o nti n u u m fr o m hi g h er r es ol uti o n b a n d 7  A L M A i m a gi n g, a n d
d e m o nstr at e t h at t h e  A C A b e a m d o es n ot r es ol v e e v e n t h e l ar g est l e ns e d
S M Gs i n o ur s a m pl e.  T h e b e a m si z e is r e pr es e nt e d i n t h e b ott o m l eft
c or n er b y t h e bl a c k d as h e d li n e elli ps e.  T o p p a n el: [ N II] o bs er v ati o ns of
S P T 0 4 1 8 – 4 7 i n b a n d 7.  B ott o m p a n el: [ N II] o bs er v ati o ns of S P T 2 1 4 6 – 5 5 i n
b a n d 6.

fr o m a  G a ussi a n fit f or e a c h li n e.  O v er t h e f ull s a m pl e, t h er e is a
g o o d o n e-t o- o n e a gr e e m e nt b et w e e n t h es e t w o li n e  wi dt hs, alt h o u g h
t h e r el ati v el y l o w S N Rs of  m a n y of t h e li n es ( b ot h [ N II] a n d [ C II])
r es ult i n si g ni fi c a nt s c att er i n t h e r el ati o n.

We fit t h e [ N II] li n e pr o fil es a n d c o m p ar e t o t h e [ C II] pr o fil es,
b ot h list e d i n  Ta bl e 1 . I n 4 of t h e 4 0 c as es, o ur s p e ctr al b a n d wi dt h
o nl y c o v ers b et w e e n 5 0 a n d 7 0 p er c e nt of t h e  C O- d e fi n e d li n e
( S P T 0 1 2 5 – 5 0, S P T 0 3 0 0 – 4 6, S P T 0 2 4 3 – 4 9, a n d S P T 0 5 5 0 – 5 3).  T his
w as a c o m pr o mis e t a k e n i n or d er t o att e m pt t o r e d u c e t h e o v er all
pr oj e ct c ali br ati o n o v er h e a d, si n c e t h e t ot al pr oj e ct e x c e e d e d 5 0 h.
I n t h es e c as es,  w e o nl y s u m t h e [ C II] li n e t o t h e e n d of t h e [ N II] li n e
c o v er a g e.  T h e [ N II] a n d [ C II] fl u x es, al o n g  wit h t h e o bs er v e d [ N II]
l u mi n ositi es, ar e pr es e nt e d i n  Ta bl e 1 . I n Fi g. 3 , t h e d e m a g ni fi e d
[ N II] l u mi n ositi es, ar e pl ott e d a g ai nst d e m a g ni fi e d L FI R a n d T d ust ,
u si n g  m a g ni fi c ati o n v al u es ( μ ) fr o m S pil k er et al. (2 0 1 6 ).

3  R E S U L T S

We r o b ustl y d et e ct [ N II] li n es  wit h t h e  A C A at > 4. 5 σ i n 2 2
of o ur s a m pl e of 4 1 S M G o bs er v ati o ns (i n cl u di n g S P T 2 1 3 2 – 5 8
fr o m  Bét h er mi n et al. 2 0 1 6 ),  wit h a f urt h er 1 3 s o ur c es d et e ct e d
at ≥ 3 σ . T h e > 4. 5 σ crit eri o n r es ults i n a 5 p er c e nt f als e- p ositi v e
c h a n c e i n o ur d at a,  w hi c h dr o ps t o l ess t h a n 1 p er c e nt c h a n c e  w h e n
t h e  m e as ur e m e nt is c o nstr ai n e d t o  wit hi n o n e- h alf b e a m of t h e
C O-s o ur c e c o or di n at es.  T h es e li n es ar e d et e ct e d at t h e r e ds hift e d
v el o cit y e x p e ct e d b as e d o n r e ds hifts pr es e nt e d i n Str a n d et et al.
(2 0 1 6 ).  Al o n g  wit h t h e 1 1. 5σ [ N II] d et e cti o n of S P T 2 1 3 2 – 5 8
( Bét h er mi n et al. 2 0 1 6 ), t his r e pr es e nts a t ot al of 3 5 d et e cti o ns
i n t h e s a m pl e of 4 1. I n t h e si x s o ur c es  wit h u n d et e ct e d [ N II], a n
u p p er li mit  w as esti m at e d as 3 × t h e c h a n n el r ms i n t h e c e ntr al
pi x el at v el o citi es a w a y fr o m t h e li n e. F or o ur li n es  wit h σ ≥ 3,
w e fi n d  m a g ni fi e d [ N II] li n e fl u x es r a n gi n g b et w e e n a p pr o xi m at el y
1 a n d 1 4 J y k m s − 1 a n d [ C II] fl u x b et w e e n 5 a n d 2 1 6 J y k m
s − 1 .  T h es e c orr es p o n d t o [ N II] li n e l u mi n ositi es of (∼ 5 – 4 0) ×
1 0 8 L , a n d d et e ct e d L [ C II] /L [ N II] li n e l u mi n osit y r ati os o v er t w o
or d ers of  m a g nit u d e.  T h e s a m pl e h as a n i nt er q u artil e r a n g e i n li n e
l u mi n osit y r ati os L [ C II] /L [ N II] of 5. 0 – 2 4. 7 a n d a  m e di a n of 1 1. 0 (s e e
Fi g. 3 , ri g ht m ost p a n el f or a hist o gr a m d et aili n g t his distri b uti o n).
T h es e st atisti c al v al u es ar e c al c ul at e d b y tr e ati n g t h e L [ C II] /L [ N II]

l o w er li mits ([ N II] n o n- d et e cti o ns) as r e al  m e as ur e d v al u es at t h e
m e as ur e d li mit.

T o pr o p erl y a c c o u nt f or t h e l o w er li mits i n L [ C II] /L [ N II] , w e
p erf or m s ur vi v al a n al ysis usi n g t h e LI F E LI N E S P Y T H O N p a c k a g e
( D a vi ds o n- Pil o n et al. 2 0 1 8 ). S ur vi v al a n al ysis is oft e n us e d t o
d et er mi n e t h e ti m e u ntil a n e v e nt o c c urs. I n c as es  w h er e a n e v e nt is
n ot pr e cis el y o bs er v e d, t h e l ast o bs er v ati o n  m a d e b ef or e t h e e v e nt
o c c urs c a n still b e us e d as a l o w er li mit i n c al c ul ati n g st atisti c al
q u a ntiti es. F or o ur li n e r ati os,  w e utili z e t h e l o w er li mits as t h e l ast
o bs er v ati o n b ef or e t h e ‘ e v e nt’ o c c urs,  w h er e t h e e v e nt is t h e tr u e
li n e r ati o.  T his a n al ysis gi v es a sli g htl y l o w er  m e di a n v al u e of 9. 7
wit h a si mil ar i nt er q u artil e r a n g e of 5 – 2 5. F urt h er m or e, r e d u ci n g
o ur s a m pl e t o i n cl u d e o nl y s o ur c es  wit h g o o d q u alit y [ N II] a n d
[ C II] d et e cti o ns di d n ot si g ni fi c a ntl y alt er o ur  m e as ur e d  m e di a ns or
i nt er q u artil e r a n g es.

I n t h e  m aj orit y of o ur s o ur c es ( 1 7/ 3 0, or ∼ 6 0 p er c e nt),
t h e L [ C II] /L [ N II] l u mi n osit y r ati o ( or l o w er li mit) c orr es p o n ds t o
m o d el e x p e ct ati o ns fr o m  X-r a y d o mi n at e d r e gi o ns ( X D R), p h ot o n
d o mi n at e d r e gi o ns ( P D R) or s h o c k r e gi o ns d et er mi n e d b y  D e c arli
et al. ( 2 0 1 4 ).  D e c arli et al. (2 0 1 4 ) us e L [ C II] / L [ N II] ∼ 2 f or
H II r e gi o ns a n d gr e at er t h a n L [ C II] / L [ N II] ∼ 9 f or P D R/ X D R
r e gi o ns (s e e Fi g. 3 ).  T hr e e S P T S M Gs f all  w ell  wit hi n t h e r a n g e
e x p e ct e d f or  H II- d o mi n at e d r e gi o ns ( wit h a n ot h er t hr e e o v er-
l a p pi n g  wit hi n err or or as a l o w er li mit),  wit h t h e r est e xisti n g
i n a n i nt er m e di at e r e gi o n, or  m or e b al a n c e d r e gi m e i n b et w e e n
t h e i o ni z e d g as- d o mi n at e d a n d P D R/s h o c k- d o mi n at e d r e gi o ns.
G al a xi es  wit h [ C II]/[ N II] r ati os i n t h e  X D R/ P D R or s h o c k
r e gi o n r e gi m e ar e e x p e ct e d t o h a v e [ N II] e missi o n ori gi n ati n g
pr e d o mi n a ntl y fr o m  H II r e gi o ns  wit h [ C II] e missi o n ori gi n ati n g
fr o m b ot h  H II r e gi o ns a n d t h e o ut er l a y ers of P D Rs ( Bét h er mi n
et al. 2 0 1 6 ).

We ass e m bl e d a s a m pl e of L [ C II] /L [ N II] i n l o c al  LI R Gs fr o m
D ı́ a z- S a nt os et al. (2 0 1 7 ),  L u et al. (2 0 1 7 ), a n d  Z h a o et al. (2 0 1 6 ).
T o i n v esti g at e  w h et h er t h e S P T S M G s a m pl e a n d t h e l o c al  LI R Gs
aris e fr o m diff er e nt u n d erl yi n g distri b uti o ns of L [ C II] /L [ N II] , w e
p erf or m a t w o-s a m pl e  K ol m o g or o v – S mir n o v ( K S) t est a n d t-t est.
T h e  K S t est yi el ds a P - v al u e of 0. 4 4,  w hil e t h e t-t est yi el ds P = 0. 3 6.
T h es e t est r es ults pr e v e nt us fr o m c o n cl usi v el y d et er mi ni n g t h e
li n e r ati os c o mi n g fr o m diff er e nt u n d erl yi n g distri b uti o ns. I n o ur
lit er at ur e s a m pl e,  w h e n d ust t e m p er at ur es  w er e n ot a v ail a bl e t h e y
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4 0 9 4 D. J.  M.  C u n ni n g h a m et al.

Fi g u r e 2. O bs er v e d [ N II] 2 0 5 μ m ( bl u e b a c k gr o u n d), [ C II] 1 5 8 μ m ( bl a c k li n e), a n d  C O ( d as h e d r e d li n e) li n e pr o fil es f or t h e 4 0  A L M A o bs er v e d s o ur c es,
e x cl u di n g S P T 2 1 3 2 – 5 8 t h at  w as pr es e nt e d i n  B ét h er mi n et al. ( 2 0 1 6 ). S o ur c es ar e or d er e d b y o bs er v e d [ N II] 2 0 5 μ m fl u x, gi v e n i n  Ta bl e 1 . T h e [ N II] s p e ctr a
ar e si n gl e pi x el e xtr a cti o ns.  T h e S N R fr o m t h e o pti m al i nt e gr at e d li n e d et e cti o n is gi v e n i n t h e u p p er ri g ht c or n er of e a c h p a n el.  T h e  C O li n e is eit h er  C O( 4 – 3)
or  C O( 5 – 4) d e p e n di n g o n s o ur c e r e ds hift (s e e Str a n d et et al. 2 0 1 6 ).  B ot h  C O a n d [ C II] li n es ar e n or m ali z e d t o t h e p e a k [ N II] fl u x f or e a c h s o ur c e (s e e  Ta bl e 1
f or [ C II] fl u x).  T h e z er o v el o cit y is d et er mi n e d a c c or di n g t o r e ds hifts pr es e nt e d i n Str a n d et et al. ( 2 0 1 6 ).
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T h e [ C II] / [ N II] distri b uti o n i n S P T S M Gs 4 0 9 5

Fi g u r e 3. C o m p aris o n of k e y pr o p erti es of o ur l e ns e d s a m pl e of [ N II] a n d [ C II] o bs er v ati o ns (s h o w n i n bl u e di a m o n ds)  wit h lit er at ur e  m e as ur e m e nts.  T o p
p a n els:  O bs er v e d L [ C II] /L [ N II] pl ott e d a g ai nst d e m a g ni fi e d L FI R a n d d ust t e m p er at ur e.  E x p e ct e d L [ C II] /L [ N II] r e gi m es f or  H II a n d p h ot o n or x-r a y d o mi n at e d
r e gi o ns b as e d o n  D e c arli et al. (2 0 1 4 ) ar e s h o w n.  M o d ell e d  m et alli cit y gri ds f or I S M d e nsiti es of l o g(n ) = 1. 5 ( gr e y) a n d 3. 0 (r e d), e a c h  wit h i o ni z ati o n
p ar a m et er l o g( U H II ) = − 3 .5, ar e s h o w n as fl o ati n g a x es ( N a g a o et al. 2 0 1 2 )  wit h  m et alli cit y u nits of Z /Z .  B ott o m p a n els:  O bs er v e d L FI R n or m ali z e d [ N II]
l u mi n ositi es.  T h e bl a c k di a m o n ds a n d t h e gr e y s h a d e d r e gi o ns i n t h e b ott o m p a n els r e pr es e nt t h e bi n n e d  m e di a ns a n d err ors of d e m a g ni fi e d L FI R n or m ali z e d
[ N II] l u mi n ositi es a n d d ust t e m p er at ur e. F or lit er at ur e s o ur c es, t h e u p w ar ds gr e e n tri a n gl es r e pr es e nt s o ur c es fr o m  D e c arli et al. ( 2 0 1 4 ): t w o  L y m a n al p h a
e mitt ers, a n S M G, a n d a q u as ar i n or d er of i n cr e asi n g L FI R at z = 4. 7.  T h e d o w n w ar ds y ell o w tri a n gl es r e pr es e nt P a v esi et al. ( 2 0 1 6 ) s o ur c es,  w hi c h ar e  L B G- 1
(t y pi c al  L y m a n- br e a k g al a x y),  H Z 1 0 ( FI R-l u mi n o us  L B G), a n d  A z T E C- 3 ( a  m assi v e S M G) i n or d er of i n cr e asi n g L FI R at z = 5. 3 – 5. 6 5.  T h e p ur pl e s q u ar e
r e pr es e nts  L A B 1- A L M A 3, a g al a x y e m b e d d e d i n a  L y m a n al p h a bl o b at z = 3. 1 ( U m e h at a et al. 2 0 1 7 ).  A S M G (ri g ht w ar d or a n g e tri a n gl e) at z = 5. 2 4 3 fr o m
R a wl e et al. ( 2 0 1 4 ) a n d t w o c o m p o n e nts of S P T 2 0 5 2 – 5 6, a n u nl e ns e d pr ot o cl ust er of S M Gs at z = 4. 3, ar e als o s h o w n ( pi n k st ars – P ass et al., i n pr e p ar ati o n).
S P T 2 1 3 2 – 5 8 ( B ét h er mi n et al. 2 0 1 6 ) h as a bl a c k cir c ul ar b a c k gr o u n d.  L o c al  LI R Gs ass e m bl e d fr o m  L u et al. ( 2 0 1 7 ),  Dı́ a z- S a nt os et al. (2 0 1 7 ), a n d  Z h a o et al.
(2 0 1 6 ) ar e s h o w n as s m all bl a c k d ots.

w er e esti m at e d usi n g t h e r el ati o ns hi p s h o w n i n S y m e o ni dis et al.
(2 0 1 3 ).

We i n v esti g at e t h e r el ati o ns hi p b et w e e n L [ N II] / L FI R v ers us L FI R

( 4 2. 5 – 1 2 2. 5 μ m) b y bi n ni n g o ur s o ur c es a c c or di n g t o L FI R . We
di vi d e o ur s o ur c es  wit h L [ N II] m e a s ur e m e nts i nt o t hr e e bi ns of
r o u g hl y e q u al si z e, r a n gi n g fr o m l o g1 0 (L FI R ) = [ < 1 2. 7 1, 1 2. 7 1 –
1 2. 9, > 1 2. 9]. Fr o m s m all est t o l ar g est bi ns,  w e  m e as ur e L [ N II] / L FI R

of ∼ 6. 8 × 1 0 − 5 , 4. 3× 1 0 − 5 , a n d 3. 0× 1 0 − 5 .  T h es e bi ns a n d t h eir
m e di a ns ( a n d err ors) ar e s h o w n as bl a c k di a m o n ds a n d gr e y s h a d e d
r e gi o ns i n t h e l o w er l eft- h a n d p a n el of Fi g. 3 .

We als o i n v esti g at e t h e tr e n d b et w e e n d ust t e m p er at ur e a n d
L [ N II] /L FI R .  T h es e r es ults ar e pr es e nt e d i n t h e b ott o m ri g ht- h a n d
p a n el of Fi g. 3 ,  w h er e  w e pl ot L [ N II] /L FI R a g ai nst T d ust .  We als o bi n
o ur s o ur c es i nt o t hr e e bi ns of r o u g hl y e q u al n u m b er a c c or di n g t o
d ust t e m p er at ur e: T d ust = [ < 3 9. 3, 3 9. 3 – 4 3. 8, > 4 3. 8].  T h es e bi ns
h a v e  m e di a n v al u es  L [ N II] /L FI R of ∼ 7. 3 × 1 0 − 5 , 3. 1× 1 0 − 5 , a n d
3. 0 × 1 0 − 5 .

4  D I S C U S S I O N

O ur [ N II] o bs er v ati o ns f or a s a m pl e of 4 0 S M Gs at z = 3 − 6
r e pr es e nt t h e l ar g est u nif or ml y s el e ct e d s a m pl e of hi g h-r e ds hift

[ N II] d et e cti o ns t o d at e. I n o ur 3 0 s o ur c es  wit h b ot h [ N II] a n d [ C II]
o bs er v ati o ns,  w e ar e a bl e t o c h ar a ct eri z e t h e L [ C II] /L [ N II] o ut t o t h e
hi g h r e ds hifts pr o b e d b y o ur S M G s a m pl e, a n d i n o v er a d e c a d e
r a n g e i n ( d e m a g ni fi e d) f ar-I R l u mi n osit y (∼ 1 2 < l o g1 0 (L FI R / μ ) <
1 3 .5).  T his h as all o w e d us t o c a pt ur e t h e tr u e L [ C II] /L [ N II] r a n g e
f or l u mi n o us, d ust y g al a xi es, a n d b ett er u n d erst a n d t h e o utli ers t o
t h e distri b uti o n.

All pr e vi o us lit er at ur e  m e as ur e m e nts of L [ C II] /L [ N II] i n dist a nt,
f ar-I R l u mi n o us g al a xi es ar e f o u n d t o li e  wit hi n t h e r a n g e of
L [ C II] /L [ N II] r ati os  w e o bs er v e i n t h e S P T S M Gs.  T h e S P T S M Gs
e x hi bit a m o n g t h e hi g h est a n d l o w est r ati os y et s e e n i n hi g h r e ds hift,
FI R l u mi n o us g al a xi es.  H o w e v er, o ur  m e as ur e m e nts als o d et e ct a
p o p ul ati o n of hi g h-r e ds hift S M Gs t h at h a v e l o w er L [ C II] /L [ N II]

r ati os t h a n s h o w n i n t h e pr e vi o us lit er at ur e.  We fi n d 8 of o ur 3 0
S M Gs h a v e L [ C II] /L [ N II] v al u es ( or ar e c o nsist e nt  wit hi n err or)
s u g g esti n g a h y bri d r e gi m e b et w e e n t h e  m o d el pr e di cti o ns of
P D R/ X D R e missi o n a n d  H II r e gi o ns.  T h es e s o ur c es s u g g est n eit h er
H II r e gi o ns n or P D R/ X D R r e gi o ns d o mi n at e t h e [ C II] fl u x. I nst e a d,
t h e [ C II] fl u x h as si g ni fi c a nt c o ntri b uti o ns fr o m b ot h r e gi o ns.  T h e
L [ C II] /L [ N II] i n t h es e s o ur c es c a n n ot b e e x pl ai n e d as ori gi n ati n g i n
o nl y  H II r e gi o ns – b ot h n e utr al a n d i o ni z e d g as  m ust c o ntri b ut e
t o t h e t ot al [ C II] 1 5 8 μ m l u mi n osit y. S M Gs l yi n g i n t his h y bri d
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4 0 9 6 D. J.  M.  C u n ni n g h a m et al.

or e v e n  H II- d o mi n at e d r e gi m es c o ul d r e pr es e nt v er y e nri c h e d,
hi g h- m et alli cit y g as i n c o m bi n ati o n  wit h l o w g as d e nsiti es, a n d
a p pr o pri at e i o ni z ati o n p ar a m et ers.  T h e  C/ N a b u n d a n c e r ati o  m a y
v ar y as a f u n cti o n of  m et alli cit y ( e. g.  N a g a o et al. 2 0 1 2 ), a n d c o ul d
b e a n i m p ort a nt c o ntri b ut or t o t h e L [ C II] / L [ N II] li n e r ati o.  T h es e
S M Gs  m a y als o h a v e v er y hi g h  m ass es of i o ni z e d g as r el ati v e
t o t h e  m ol e c ul ar g as fr a cti o n.  D et ail e d  m ultili n e st u di es of t h es e
s o ur c es  will b e u n d ert a k e n i n f oll o w- u p c o ntri b uti o ns t o b ett er
u n d erst a n d t his u n us u al sit u ati o n f or s u c h  m assi v e a n d d ust y st ar-
f or mi n g g al a xi es.

At t h e hi g h est v al u es of L [ C II] /L [ N II] ,  w e d et e ct fi v e s o ur c es
wit h l ar g er r ati os t h a n t h e pr e vi o us S M G r e c or d h ol d er S P T 2 1 3 2 –
5 8 ( B ét h er mi n et al. 2 0 1 6 ), a n d c o m p ar a bl e t o t h e l o w er f ar-
I R l u mi n o us s o ur c es of  U m e h at a et al. (2 0 1 7 ) a n d P a v esi et al.
(2 0 1 6 ).  T h es e s o ur c es li k el y r e pr es e nt e xtr e m e I S M e n vir o n m e nts,
w h er e t ot al [ C II] e missi o n is d o mi n at e d b y t h e c o ntri b uti o n fr o m
P D R/ X D R r e gi o ns. Si n c e n e utr al nitr o g e n h as a hi g h er i o ni z ati o n
p ot e nti al t h a n h y dr o g e n,  w e e x p e ct t h at [ N II] 2 0 5 μ m e missi o n  will
o nl y ori gi n at e i n i o ni z e d g as.  T h er ef or e, o ur s o ur c es  wit h e xtr e m el y
hi g h L [ C II] /L [ N II] m a y h a v e a r el ati v el y l o w c o ntri b uti o n t o [ C II]
fr o m i o ni z e d g as  w h er e t h e [ N II] ori gi n at es.

C o m p ari n g o ur S M G s a m pl e t o l o c al  LI R Gs,  w e o bs er v e sli g htl y
hi g h er L [ C II] /L [ N II] v al u es, p ossi bl y o wi n g t o l o w er d e nsit y g as a n d
t h er ef or e a l o w er c o ntri b uti o n of [ C II] e missi o n fr o m P D R/ X D R
r e gi o ns i n l o c al ( U) LI R Gs.  H o w e v er, t h e p - v al u es fr o m b ot h t h e
t-t est a n d  K S t est (s e e S e cti o n 3) s u g g est  w e c a n n ot s a y t h e S M Gs
a n d l o c al  LI R Gs aris e fr o m diff er e nt u n d erl yi n g distri b uti o ns.

We f oll o w t h e a n al ysis of  N a g a o et al. ( 2 0 1 2 ) a n d i n cl u d e t w o
m et alli cit y gri ds f or g as d e nsiti es of l o g( n ) = 1. 5 a n d = 3, e a c h
wit h i o ni z ati o n p ar a m et er l o g( U ) = − 3. 5 i n Fi g. 3 .  A c c or di n g t o t h e
m o d els of  N a g a o et al. ( 2 0 1 2 ), hi g h er L [ C II] /L [ N II] s h o ul d ori gi n at e
i n l o w er  m et alli cit y e n vir o n m e nts. I n o ur s a m pl e,  w e s e e t h at t h e
m aj orit y of o ur s a m pl e of g al a xi es h a v e li n e r ati os t h at pl a c e t h e m
i n t h e  m et alli cit y r a n g e of 0. 6 < Z / Z < 3. 0 if  w e ass u m e l o g( n ) =
3.  Ass u mi n g l o g( n ) = 1. 5,  w e fi n d  m et alli citi es i n t h e r a n g e 0. 2
< Z /Z < 1. 0. I n b ot h c as es, t h e  m et alli cit y s p a ns s u b- t o s ol ar or
s u p ers ol ar r a n g es.  H o w e v er, dir e ct i nt er pr et ati o n of L [ C II] /L [ N II] i n
t er ms of  m et alli cit y is u n d er mi n e d b y u n c o nstr ai n e d g as d e nsit y,
el e m e nt al a b u n d a n c es, fr a cti o n al a b u n d a n c e of i o ni z e d a n d n e ur al
g as, a n d i o ni z ati o n p ar a m et er,  w hi c h c a n als o aff e ct t his l u mi n osit y
r ati o ( e. g.  N a g a o et al. 2 0 1 2 ; P a v esi et al. 2 0 1 6 ). I n g al a xi es  wit h
a si g ni fi c a nt fr a cti o n of n e utr al I S M, [ C II] e missi o n  will  m or e
h e a vil y o ut w ei g h [ N II] t h a n i n g al a xi es  wit h a si g ni fi c a nt i o ni z e d
I S M c o m p o n e nt.

We i n v esti g at e t h e r el ati o ns hi p b et w e e n L [ N II] /L FI R v ers us T d ust .
We o bs er v e a d e fi cit i n L [ N II] /L FI R t o w ar ds hi g h er T d ust aft er
bi n ni n g a c c or di n g t o d ust t e m p er at ur e.  G ull b er g et al. ( 2 0 1 5 )
si mil arl y o bs er v e d d e cr e asi n g L [ C II] /L FI R t o w ar ds i n cr e asi n g d ust
t e m p er at ur e.  T his r es ult  w as first pr es e nt e d a n d e x pl ai n e d i n
M al h otr a et al. ( 2 0 0 1 )  w h o e x pl ai n e d t his r ati o  m a y c h a n g e d u e
t o o n e of t w o r e as o ns: ( 1) hi g h f ar- ultr a vi ol et fl u x t o g as d e nsit y
r ati os  m a y p ositi v el y c h ar g e d ust gr ai ns a n d t h er ef or e d e cr e as e
h e ati n g ef fi ci e n c y, or ( 2) s oft er r a di ati o n fi el ds c a n b e l ess eff e cti v e
i n h e ati n g g as a n d i nst e a d h e at o nl y t h e d ust.  G ull b er g et al. (2 0 1 5 )
a c k n o wl e d g e d t h e St ef a n – B olt z m a n n l a w  m a y e x pl ai n p art of t his
d e p e n d e n c e, as L FI R ∝ T 4

d ust .  T o c a n c el t his r el ati o ns hi p,  w e pl ot
(L [ N II] /L FI R )× ( Td ust / 4 0  K)4 v ers us  T d ust i n Fi g. 4 .  Aft er r e m o vi n g
t his d e p e n d e n c e,  w e p erf or m a  K e n d all t a u t est o n t h e s a m pl e a n d
c al c ul at e a P - v al u e of 0. 4 9. Si mil arl y t o t h e r es ults pr es e nt e d i n
G ull b er g et al. ( 2 0 1 5 ), t his r es ult  m e a ns  w e n eit h er c o n fir m t h e
e xist e n c e of a c orr el ati o n b et w e e n t h es e v ari a bl es n or c o n fir m t h at
[ N II] e missi o n is l ar g el y i n d e p e n d e nt of d ust t e m p er at ur e f or o ur

Fi g u r e 4. T h e distri b uti o n of ( L [ N II] /L FI R )× (T d ust / 4 0  K)4 v ers us T d ust . We
pl ot S P T S M Gs i n bl u e di a m o n ds a n d r e d cir cl es.  Bl u e di a m o n ds r e pr es e nt
s o ur c es  wit h L [ C II] /L [ N II] > 1 0, a n d r e d cir cl es r e pr es e nt L [ C II] /L [ N II]

< 1 0.  T his all o ws us t o i n v esti g at e  w h et h er s o ur c es  wit h  m or e si g ni fi c a nt
[ N II] e missi o n e x hi bit a r el ati o ns hi p b et w e e n L [ N II] / L FI R a n d d ust
t e m p er at ur e.  T h e ot h er s o u c es utili z e t h e s a m e l e g e n d as Fi g. 3 .

S P T S M Gs.  T o i n v esti g at e  w h et h er t h e tr e n d a p p e ars i n s o ur c es
d e p e n di n g o n t h e r el ati v e si g ni fi c a n c e of [ N II] e missi o n,  w e r e d u c e
t h e s a m pl e i nt o t w o s u b-s a m pl es a c c or di n g t o t h eir L [ C II] /L [ N II] . We
d e fi n e t h e [ N II] si g ni fi c a nt s o ur c es as t h os e  wit h L [ C II] /L [ N II] < 1 0,
a n d t h e [ N II] i nsi g ni fi c a nt s o ur c es  wit h L [ C II] /L [ N II] > 1 0. F or t h es e
s a m pl es,  w e r e p e at t h e  K e n d all t a u t est a n d c al c ul at e P - v al u es
of 0. 1 7 a n d 0. 0 8, r es p e cti v el y.  T his i n di c at es o ur s o ur c es  wit h
si g ni fi c a nt i o ni z e d g as e missi o n L [ C II] /L [ N II] < 1 0 d o n ot e x hi bit
a c orr el ati o n b et w e e n L [ N II] /L FI R a n d T d ust , n or d o s o ur c es  wit h
m or e si g ni fi c a nt P D R/ X D R r e gi o n e missi o n.

5  C O N C L U S I O N S

We h a v e pr es e nt e d t h e first u nif or ml y s el e ct e d s a m pl e of hi g h-
r e ds hift [ N II] 2 0 5 μ m o bs er v ati o ns a n d utili z e d pr e vi o us o bs er v a-
ti o ns of t h e [ C II] 1 5 8 μ m li n e t o pr o b e t h e I S M.  We s u m m ari z e o ur
m ai n c o n cl usi o ns h er e:

(i)  We fi n d t h at o ur S P T S M Gs h a v e a  wi d e distri b uti o n of
L [ C II] /L [ N II] .  T h e  m e di a n L [ C II] /L [ N II] i s 1 1. 0  wit h a n i nt er q u artil e
r a n g e of 5. 0 – 2 4. 7.  Usi n g s ur vi v al st atisti cs t o a c c o u nt f or o ur l o w er
li mits di d n ot si g ni fi c a ntl y alt er o ur r es ults.  T his r es ult e d i n a  m e di a n
of 9. 7 a n d a n i nt er q u artil e r a n g e of 5 – 2 5.

(ii)  We  m e as ur e a d e cr e as e i n L [ N II] /L FI R t o w ar ds i n cr e asi n g
L FI R . Fr o m t h e l o w est l u mi n osit y bi n (l o g1 0 (L FI R ) < 1 2. 7 1) t o o ur
hi g h est l u mi n osit y bi n (l o g 1 0 (L FI R ) > 1 2. 9),  w e fi n d  m e di a ns of
∼ 6. 8 × 1 0 (− 5) d e cr e asi n g t o ∼ 3. 0 × 1 0 (− 5) .

(iii)  We c a n n ot d et er mi n e  w h et h er o ur  m e as ur e d [ N II] e missi o n
is i n d e p e n d e nt of d ust t e m p er at ur e, aft er c a n c elli n g t h e L FI R ∝ T 4

d ust

d e p e n d e n c e a n d p erf or mi n g a  K e n d all t a u c orr el ati o n t est, i n cl u di n g
s a m pl es  wit h hi g h a n d l o w L [ C II] /L [ N II] v al u es.

(i v)  O ur r a n g e i n o bs er v e d L [ C II] /L [ N II] c a n b e e x pl ai n e d t hr o u g h
v ari ati o ns i n g as d e nsit y, i o ni z ati o n p ar a m et er, a n d  m et alli cit y.  We
n ot e t h at f urt h er o bs er v ati o ns of fi n e-str u ct ur e li n es s u c h as [ N II]
1 2 2 μ m a n d [ O I] 1 4 5 μ m  will h el p br e a k t h e d e g e n er a c y of t h e
L [ C II] /L [ N II] o n g as d e nsit y a n d i o ni z ati o n p ar a m et er ( N a g a o et al.
2 0 1 2 ), a n d  will h el p str e n gt h e n c o n cl usi o ns b as e d o n c o m p aris o ns
of t h e [ C II]-t o-[ N II] r ati o b et w e e n l o c al  LI R Gs a n d t h e hi g h-r e ds hift
U ni v ers e.
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T h e [ C II] / [ N II] distri b uti o n i n S P T S M Gs 4 0 9 7

A C K N O W L E D G E M E N T S

T his p a p er us e d t h e f oll o wi n g  A L M A d at a:
A D S/J A O. A L M A # 2 0 1 6. 1. 0 0 1 3 3. T.  A L M A is a p art n ers hi p
of  E S O (r e pr es e nti n g its  m e m b er st at es),  N S F ( U S A), a n d
NI N S (J a p a n), t o g et h er  wit h  N R C ( C a n a d a),  M O S T a n d  A SI A A
( Tai w a n), a n d  K A SI ( R e p u bli c of  K or e a), i n c o o p er ati o n  wit h t h e
R e p u bli c of  C hil e.  T h e J oi nt  A L M A  O bs er v at or y is o p er at e d b y
E S O,  A UI/ N R A O, a n d  N A OJ.

T h e S P T is s u p p ort e d b y t h e  N ati o n al S ci e n c e F o u n d ati o n
( N S F) t hr o u g h gr a nt P L R- 1 2 4 8 0 9 7,  wit h p arti al s u p p ort t hr o u g h
P H Y- 1 1 2 5 8 9 7, t h e  K a vli F o u n d ati o n, a n d t h e  G or d o n a n d  B ett y
M o or e F o u n d ati o n gr a nt  G B M F 9 4 7.  D P M, J D V,  K C L, a n d SJ
a c k n o wl e d g e s u p p ort fr o m t h e  U S  N S F u n d er gr a nts  A S T- 1 7 1 5 2 1 3
a n d  A S T- 1 7 1 6 1 2 7. SJ a n d  K C L a c k n o wl e d g e s u p p ort fr o m t h e
U nit e d St at es ( U S)  N ati o n al S ci e n c e F o u n d ati o n ( N S F)  N ati o n al
R a di o  Astr o n o m y  O bs er v at or y ( N R A O) u n d er gr a nts S O S P A 5- 0 0 1
a n d S O S P A 4- 0 0 7, r es p e cti v el y. J D V a c k n o wl e d g es s u p p ort fr o m a n
A. P. Sl o a n F o u n d ati o n F ell o ws hi p.

T h e  N ati o n al  R a di o  Astr o n o m y  O bs er v at or y is a f a cilit y of t h e
N ati o n al S ci e n c e F o u n d ati o n o p er at e d u n d er c o o p er ati v e a gr e e m e nt
b y  Ass o ci at e d  U ni v ersiti es, I n c.

DJ M C a n d S C C a c k n o wl e d g e t h e s u p p ort of t h e  N at ur al S ci e n c es
a n d  E n gi n e eri n g  R es e ar c h  C o u n cil of  C a n a d a ( N S E R C).
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H a y w ar d  C.  C.,  N ar a y a n a n  D.,  K er e š  D., J o nss o n P.,  H o p ki ns P. F.,  C o x  T.

J.,  H er n q uist  L., 2 0 1 3, M N R A S , 4 2 8, 2 5 2 9
H err er a- C a m us  R. et al., 2 0 1 6, A pJ , 8 2 6, 1 7 5
L u  N. et al., 2 0 1 7, A pJ S S , 2 3 0, 1
M a J. et al., 2 0 1 5, A pJ , 8 1 2, 8 8
M al h otr a S. et al., 2 0 0 1, A pJ , 5 6 1, 7 6 6
M c M ulli n J. P.,  Wat ers  B., S c hi e b el  D.,  Yo u n g  W.,  G ol a p  K., 2 0 0 7, i n S h a w

R.  A.,  Hill F.,  B ell  D. J., e ds,  A S P  C o nf. Pr o c.  Vol. 3 7 6,  Astr o n o mi c al
D at a  A n al ysis S oft w ar e a n d S yst e ms  X VI.  Astr o n. S o c. P a c, S a n
Fr a n cis c o, p. 1 2 7

Mi c h al o ws ki  M. J.,  D u nl o p J. S.  Cir as u ol o  M.,  Hj ort h J.  H a y w ar d  C.  C.,
Wats o n  D., 2 0 1 2, A & A , 5 4 1,  A 8 5

Mill er  T.  B. et al., 2 0 1 8, N at ur e , 5 5 6, 4 6 9
M o c a n u  L.  M. et al., 2 0 1 3, A pJ , 7 7 9, 6 1
N a g a o  T.,  M ai oli n o  R.,  D e  Br e u c k  C.,  C as elli P.,  H ats u k a d e  B., S ai g o  K.,

2 0 1 2, A & A , 5 4 2,  L 3 4
N ar a y a n a n  D. et al., 2 0 1 5, N at ur e , 5 2 5, 4 9 6  E P
P a v esi  R. et al., 2 0 1 6, A pJ , 8 3 2, 1 5 1
P a v esi  R.,  Ri e c h ers  D.  A., F aisst  A.  L., St a c e y  G. J.,  C a p a k P.  L., 2 0 1 9,  A pJ,

8 8 2, 1 6 8
R a wl e  T.  D. et al., 2 0 1 4, A pJ , 7 8 3, 5 9
S hi mi z u I.,  Yos hi d a  N.,  O k a m ot o  T., 2 0 1 2, M N R A S , 4 2 7, 2 8 6 6
S pil k er J. S. et al., 2 0 1 6, A pJ , 8 2 6, 1 1 2

Str a n d et  M.  L. et al., 2 0 1 6, A pJ , 8 2 2, 8 0
S wi n b a n k  A.  M. et al., 2 0 1 4, M N R A S , 4 3 8, 1 2 6 7
S y m e o ni dis  M. et al., 2 0 1 3, M N R A S , 4 3 1, 2 3 1 7
Ta d a ki et al., 2 0 1 9, A pJ , 8 7 6, 1
U m e h at a  H. et al., 2 0 1 7, A pJ , 8 3 4,  L 1 6
Vi eir a J.  D. et al., 2 0 1 0, A pJ , 7 1 9, 7 6 3
War dl o w J. et al., 2 0 1 1, M N R A S , 4 1 5, 1 4 7 9
Wei ß  A. et al., 2 0 1 3, A pJ , 7 6 7, 8 8
Z h a o  Y. et al., 2 0 1 6, A pJ , 8 1 9, 6 9

T his p a p er h as b e e n t y p es et fr o m a  T E X/ LA T E X fil e pr e p ar e d b y t h e a ut h or.

M N R A S 4 9 4, 4 0 9 0 – 4 0 9 7 ( 2 0 2 0)

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
ps://

ac
a
d
e

mic.
o
u
p.c

o
m/

m
nr

as/
articl

e-
a
bstr

act/
4
9
4/

3/
4
0
9
0/

5
8
1
3
6
2
4 

by 
H
arv

ar
d 

C
oll

e
g
e 

Li
br

ary, 
C
a
b
ot 

Sci
e
nc

e 
Li

br
ary 

us
er 

o
n 

2
4 J

u
n
e 

2
0
2
0

http://dx.doi.org/10.1051/0004-6361/201527739
http://dx.doi.org/https://doi.org/10.1016/j.physrep.2014.02.009
http://dx.doi.org/10.1038/nature01540
http://dx.doi.org/10.1086/428082
http://dx.doi.org/10.1051/0004-6361/201425207
http://dx.doi.org/10.1093/mnras/stx165
http://dx.doi.org/10.1088/2041-8205/782/2/L17
http://dx.doi.org/10.3847/1538-4357/aa81d7
http://dx.doi.org/10.1086/316190
http://dx.doi.org/10.1093/mnras/stv372
http://dx.doi.org/10.1088/0004-637X/740/2/96
http://dx.doi.org/10.1093/mnras/sts222
http://dx.doi.org/10.3847/0004-637X/826/2/175
http://dx.doi.org/10.3847/1538-4365/aa6476
http://dx.doi.org/10.1088/0004-637X/812/1/88
http://dx.doi.org/10.1086/323046
http://dx.doi.org/10.1051/0004-6361/201016308
http://dx.doi.org/10.1038/s41586-018-0025-2
http://dx.doi.org/10.1088/0004-637X/779/1/61
http://dx.doi.org/10.1051/0004-6361/201219518
http://dx.doi.org/10.1038/nature15383
http://dx.doi.org/10.3847/0004-637X/832/2/151
http://dx.doi.org/10.1088/0004-637X/783/1/59
http://dx.doi.org/10.1111/j.1365-2966.2012.22107.x
http://dx.doi.org/10.3847/0004-637X/826/2/112
http://dx.doi.org/10.3847/0004-637X/822/2/80
http://dx.doi.org/10.1093/mnras/stt2273
http://dx.doi.org/10.1093/mnras/stt330
http://dx.doi.org/10.3847/1538-4357/ab1415
http://dx.doi.org/10.3847/2041-8213/834/2/L16
http://dx.doi.org/10.1088/0004-637X/719/1/763
http://dx.doi.org/10.1111/j.1365-2966.2011.18795.x
http://dx.doi.org/10.1088/0004-637X/767/1/88
http://dx.doi.org/10.3847/0004-637X/819/1/69



