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•  What	have	we	learned?	



Molecular	clouds,	dense	cores	and		star	forma6on	

Taurus-Auriga 

							NH3	cores	
	(Benson	&	Myers	1989)	

N2H+(1-0)	

Caselli	et	al.	2002	
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The	Milky	Way	seen	in	the	opTcal	

~	100,000	light	years	 

CO(1-0)	

Caselli	et	al.	2002	

Dame,	Hartmann	&	Thaddeus	2001	



Pre-stellar	cores:	temperature	structure	
Pre-stellar	cores	are	gravitaTonally	unstable	starless	cores		
(e.g.	Ward-Thompson	et	al.	1999;	Crapsi	et	al.	2005;	Keto	&	Caselli	2008)		

They	have	temperature	
gradients	(~6-12	K)			
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Pre-stellar	cores:	CO	freeze-out	



Vastel et al. 2006 
(see also Parise et al. 2010) Caselli,	van	der	Tak,		

Ceccarelli,	Bacmann	2003	

• 	Led	to	strong	revision	of	astrochemical	models	(e.g.	Roberts	et	al.	2003)	
• 	Triggered	new	laboratory	work	(e.g.	Hugo	et	al.	2009)	
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Pre-stellar	cores:	strong	ortho-H2D+	



CH3OH	 CH3OH	

CH3OH	traces	the	region	where	CO	is	freezing	out		
(R	~	4000	AU;	Bizzocchi	et	al.	2014)	

CH2DOH/CH3OH	~	0.1	(toward	center)		
[to	be	compared	with	Dfrac	~	0.4	from	NH2D/NH3;	Crapsi	et	al.	2007]		

Pre-stellar	cores:	deuterium	fracTonaTon	

Bizzocchi	et	al.,	in	prep	CH3OH	

+ 

CH2DOH/CH3OH	map				

Bizzocchi	et	al.,	in	prep	



Pre-stellar	cores:	complex	organic	molecules	

see	also	Öberg	et	al.	2010;	Vastel	et	al.	2014;	Jiménez-Serra	et	al.	2014	



Pre-stellar	cores:	chemical	differenTaTon	

N(H2)	

CH3OH	

C3H2	

Spezzano	et	al.,	submi[ed	 



Caselli	et	al.	1999,	2002,	2003;	Vastel	et	al.	2006;	Keto	&	Caselli	2008,	2010	

The	pre-stellar	core	physical/chemical	structure	

(?)	

ALMA,	NOEMA	



Pre-stellar	cores:	the	central	1000	AU	with	ALMA	

Caselli,	Pineda	et	al.,	in	prep.		 



Water	vapor	in	dark	clouds		

(Tielens & Hagen 1982; Cuppen & 
Herbst 2007; Ioppolo et al. 2008, 2010; 
Cazaux et al. 2010)  

In	cold	regions,	H2O	is	mainly	
formed	on	the	surface	of	dust	
grains.	

van	Dishoeck	et	al.	2011	

Dulieu	et	al.	2013	

e.g.	Tielens	&	Hagen	1982;	Cuppen	&	
Herbst	2007;	Ioppolo	et	al.	2008,	2010;	
Miyauchi	et	al.	2008;	Cazaux	et		al.	2010,	
2011;	Dulieu	et	al.	2010;	Taquet	et	al.	2013	



Previous	aUempts	

x(H2O)	<	10-8	
(Bergin	&	Snell	2002;	Klotz	et	al.	2008)	



HERSCHEL	HIFI	



2010	WISH	Data	

N(H2O)	<	2.5×1013	cm-2	;	x(H2O)	<	1.3×10-9	

N(H2O)	=	(8±4)×1012	cm-2	;	x(H2O)	~	2×10-10			

Caselli,	Keto,	Pagani	et	al.	2010	
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L1544

Keto	&	Caselli	2008	

The	two	classes	
of	starless	cores	



2010	Data	

Caselli,	Keto,	Pagani	et	al.	2010	



Credit:	ESA/Herschel/SPIRE	
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Simplified	O-chemistry	

see	also	Schmalzl	et	al.	2014	

Caselli	et	al.	2012;	Keto	et	al.	2014	



c.r.-UV: no 

c.r.-UV: yes 

KEY	PHENOMENA:	

"x(H2O)	~	10-9		-		
maintained	by	FUV		
photons	produced	by		
c.r.	(total	mass	of		
water	vapor:	~0.5	
Earth	masses;	total	
mass	of	water	ice:		
~2.6	Jupiter	masses).	

"nH	≥	106	cm-3,	to	
explain	H2O	emission.		

"GravitaTonal	
contracTon	to	see		
blue	wing	in	emission.		
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The	dynamics	of		
collapsing	cores	
constrained	by		

ortho-H2O	and	C18O	

Keto,	Caselli,	Rawlings	2015	

SIS=Singular	Isothermal	Sphere	(Shu	1977)	
LP=Larson-Penston	(1969)	
QE=Quasi-Equilibrium	BES	(Keto	&	Caselli	2010)	

Number	density	profile	

Radial	velocity	profile	



ortho-H2O(110-101)	 C18O(1-0)	
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Keto,	Caselli,	Rawlings	2015	

The	
dynamics	of		
collapsing	
cores	

constrained	
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ortho-H2O	
and	C18O	



The	radiaTve	transfer	of	water	

Keto,	Rawlings,	Caselli	2014	



Keto,	Rawlings,	Caselli	2014	



with	β	formalism	(from	Linke	+	1977)	

with	full	ALI	radiaTve	transfer		

see	also	Quénard	et	al.	2015,	P17	



2-layer model fit 
(v1-v2=0.13 km/s) 

Not	just	water	!	

Caselli	et	al.,	in	prep.	



							ortho-NH3	(10-00)	with	full	radia6ve	transfer	(MOLLIE)												

Courtesy	of	Luca	Bizzocchi	



The	Herschel	Space	Observatory	has:	

1.  detected	water	vapor	in	a	pre-stellar	core	for	the	first	Tme;	
2.  unveiled	gravitaTonal	infall	within	the	central	1,000	AU;	
3.  measured	the	total	mass	of	water	vapor	(~0.5	Earth	masses	#	

deduced	total	mass	of	water	ice	~2.6	Jupiter	masses);	
4.  given	us	insight	into	the	radiaTve	transfer	and	the	chemistry	of	

water	in	cold	gas.	



OT2	Herschel	data	on	2	low-mass	PSCs	and	…		

H2O(110-101)

Caselli,	Pagani,	Yildiz,	Aikawa,	Tafalla,	et	al.		



H2O(110-101)

Caselli	et	al.,	in	prep.	

+	
CO(8-7)	
CO(9-8)	
CO(10-9)	
maps	to	
check	
presence	of	
shocked	gas	
produced	by	
turbulence	
decay	in	the	
process	of	
pre-stellar	
core	
formaTon.		

…	on	4		
high-mass	
PSCs		
(also	observed	with	
ALMA;	Tan	et	al.	2014)		

Pon	et	al.,	in	prep.	



The	use	of	full	radiaTve	transfer	

Quénard,	Vastel	et	al.	2014	



A	SPECIAL	THANK	TO:		

Eric	Keto	(CfA)	
Fabien	Daniel	(CSIC-INTA)	

Joe	MoUram	(Leiden	Observatory)	
Simon	Bruderer	(MPE)	

Floris	van	der	Tak	(SRON)	
Michiel	Hogerheijde	(Leiden	Observatory)	


