
Concluding	remarks	



Also...	many	more	new	ques0ons	have	been	opened...	

Major	progress	in	our	understanding	of	galaxy	forma0on	
thanks	to	the	recent	genera0on	“MOS”	facili0es	and	surveys	



Evolu0on	of	BPT	
at	high-z	

N/O	
Ioniza0on	parameter	
Harder	spectra	(low-Z+binaries)	
Pressure/density	
Shocks	
AGNs	
DIG	

...	very	likely		
not	a	single	origin:	
different	effects	play	
different	roles	in	
different	galaxies	

Storm,	Cur4	
Masters,	Kumari	
Shapley,	Sanders,	
Feltre,	Hirschmann,	...	

Why?	



(Belfiore+16)	

Addi0onal	warning:	
be	also	aware	
of	aperture	effects	



Mannucci,	Sanders	
Vilchez,	Calabro’,	Sanchez-Almeida	
Shapley,	Siana,	Puglisi	

Different	
results	

Evolu4on	of	the	ISM	proper4es,	
Mass-Metallicity	rela4on	
and	of	the	FMR:	a	Tower	of	Babel?	
Different	dignos0cs	
Different	calibra0ons	
Different	assump0ons	
Different	approaches	
Different	samples	
Neglect/account	environment	



Evolu4on	of	the	ISM	proper4es,	
Mass-Metallicity	rela4on	
and	of	the	FMR:	a	Tower	of	Babel?	
Different	dignos0cs	
Different	calibra0ons	
Different	assump0ons	
Different	approaches	
Different	samples	
Neglect/account	environment	 [OIII]/[OII]	

Metallicity	tracer	 Ioniza0on	parameter	
	 	tracer	

Both	metallicity	and	ioniza0on	
parameter	dependence	
...	but	used	to	trace	f(esc)	



A\empt	to	homogenize	
low-z	and	high-z	
Mannucci	 M-Z Predictions

Mitra et al. 2015FIRE: Ma et al. 2016

Evolu4on	of	the	ISM	proper4es,	
Mass-Metallicity	rela4on	
and	of	the	FMR:	a	Tower	of	Babel?	
Different	dignos0cs	
Different	calibra0ons	
Different	assump0ons	
Different	approaches	
Different	samples	
Neglect/account	environment	

	
Yet,	see	Siana’s	dwarf	
high	metallicity	targets...	
as	well	as	Puglisi’s	



Jones		
Shapley	
Calabro’	

Te	–	Direct	metallicity		
calibra0ons/checks	at	high-z	

Can	the	metallicity	strong	line	diagnos0cs		
be	applied	at	high-z?	

Cur0+17	

But	s0ll	low	sta0s0cs	(and	mostly	
at	intermediate-z)	

Need	to	recalibrate	strong-line	
diagnos0cs	at	
high-z	

At z~1 is ~ok 

z=0	
high-z	
(JWST/ELT)	



Metals	abundance	ra0os	(esp.	secondary	elements)	
->	much	more	stable	tracers	of	galaxy	evolu0onary	stage	

Metallicity	sensi0ve		
to	inflow/ouhlows	

Perez-Montero	
Masters	
Shapley	
Strom	

Amorin+12	

Steidel+12	



Metallicity	gradients	at	high-z	
Major	progress,	but	s0ll	f	
ar	from	achieving	the	sta0s0cs	
and	clear-cut	results	obtained	locally	

Yet,	main	issue	is	that	
high-z	galaxies	are	simply	“messy”	
in	terms	of	metallicity	structure	
...	do	not	get	fixated	in	trying	
to	extract	radial,	azimuthally	
averaged	gradients...	

Jones	
Cur4	
Mannucci	
Ferrara	

(z=0	from	Manga,	
Belfiore+17)	

High-z	
(Cur0)	

(all	of	this	convolved	
		with	diagnos0c	
		uncertain0es)	



Modelling	nebular	lines	and	stellar	spectra	

Beagle	
FADO	
Mega	
HCm	
...	

Need	to	expand	to	a	broader	range	of		
diagnos0cs	&	combine	with	photometry	

Feltre	
Gomes	
Vidal-Garcia	
Wilkins	
Ferrara	
Hirschmann	
Cur4s-Lake	

-  Impressive	progress!	
-  Key	new	insights!	

-  Next	step:	
	Check	consistency	with	other	

	direct	diagnos0cs?	
	(e.g.	Te	for	metallici0es,	
	 	X-ray	for	AGNs,	...)	

	

Combined	with	
cosmological	
simula0ons	

Important	warning	
-		degeneracies	especially	

	 	at	high-z	

Feltre	 Stark	
Pentericci	
Maseda	
Cur0s-Lake	
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Limits	of	current	models...	

Interes0ng	new	physics?	
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Dust	ex4nc4on	
Dust	aUenua4on	curves	
Stellar/nebular	rela4ve	aUenua4on	

-  Different	from	local		
-  New	recipes	for	stellar/nebular	dust	correc0on	
-  New	insights	on	the	rela0ve	distribu0on	of	

	dust	and	stars	
-  New	insights	on	the	dust	proper0es	and	stellar	

	popula0on	

Reddy	
Siana	
Ferrara	

Next	step	->	exploit	Paschen		
	 	 	and	Bracke\	lines		



Momcheva	

Where	star	forma0on	is	suppressed	



fesc(ion),	ξion,	fesc(Lyα)	and	
reioniza0on	sources	

A	lot	of	progress	being	made		
despite	the	technical	difficul0es	

Connec0on	between	reioniza0on	
and	overdensi0es	

Schaerer	
Reddy	
Stark	
Nakajima	
Marchi	
Fletcher	
Sobral	
MaUhee	
Maseda	
Castellano	
Bowler	

A. Verhamme et al.: Ly↵ as a proxy for LyC

Fig. 2. Ly↵ strength versus the escape of ionizing photons from eight galaxies of the local Universe: our five leakers (Izotov et al. 2016a,b),
the LBA J0921+4509 (Borthakur et al. 2014), Haro11 and Tol1247(Leitherer et al. 2016), and the high redshift galaxy Ion2 (de Barros et al.
2016; Vanzella et al. 2016b). Left: the Ly↵ EWs of LCEs seem to correlate with the escape fraction of ionizing photons. The dashed lines show
theoretical predictions for the same attenuation in the Ly↵ line as in the continuum, for an instantaneous burst (upper curve) or a constant star
formation history (lower curve). The dotted lines are the same but, for Ly↵, ten times more extinguished than the continuum. See text for more
details. Right: f Ly↵

esc correlates with f LyC
esc , and is generally larger than f LyC

esc . The dashed line shows the one-to-one relation.

least f Ly↵
esc > 20%. Larger samples will be needed to firm up this

result.
Regarding the observed relation between f Ly↵

esc and f LyC
esc we

also note that theoretical predictions from clumpy geometries
presented by Dijkstra et al. (2016) show the same trend of f Ly↵

esc >
f LyC
esc , albeit with a much larger scatter in the ratio f Ly↵

esc / f LyC
esc

than observed here. However, their predicted escape fractions
correspond to averages over all angles, i.e. global escape frac-
tions, which are not directly comparable to observations. Fi-
nally, we have searched the literature for other samples provid-
ing measurements (or upper limits) of both f Ly↵

esc and f LyC
esc . The

few studies/surveys providing this data (e.g. z ⇠ 2 H↵ emitters,
Matthee et al. 2016b,a) are compatible with the relation between
f Ly↵
esc and f LyC

esc followed by the LCEs studied here. In particular,
no strong LCE with a low Ly↵ escape fraction is known, nor do
we know of sources with a high f Ly↵

esc and a stringent LyC detec-
tion limit.

We conclude that the current data shown in both panels of
Fig. 2 strongly suggest that strong LCEs should be found among
galaxy samples with strong Ly↵ emission, characterised by a
high equivalent width (EW(Ly↵) >⇠ 70 Å), and/or a high Ly↵ es-
cape fraction. We now examine the detailed Ly↵ line profiles of
the LCEs.

4. LCEs have narrow double-peaked Ly↵ profile

In Figs. 3 and 4 we present the Ly↵ line profiles of the five
strong LCEs, ordered from top to bottom by decreasing f LyC

esc .
Once again, the fact that they are all strong Ly↵ emitters is very
di↵erent from the typical low-redshift Ly↵ profiles from galaxies
studied so far (Wo↵ord et al. 2013; Rivera-Thorsen et al. 2015),
except for some of the GPs (Jaskot & Oey 2014; Henry et al.
2015) and some LBAs (Heckman et al. 2011; Alexandro↵ et al.
2015). Our objects show two remarkable features, illustrated in
the figure. First, it shows strong and narrow lines which are all
double-peaked, by which we mean Ly↵ profiles with two max-
ima on each side of the systemic redshift. Second, the profile
of the strong leakers never falls below the continuum level. We
now quantify and discuss these features and compare them to
other objects.

4.1. Properties of the double-peaked profiles

As just mentioned, all Ly↵ profiles shown here exhibit two
peaks, one blueward and one redward of the systemic redshift.
This feature, more specifically the ratio between the EW of the
blue component to the red one (Col. 7 in Table 1), has been pro-
posed as an empirical diagnostics for LyC leakage (Erb et al.
2014; Alexandro↵ et al. 2015). The presence of a blue peak
can be understood as a low column density e↵ect. The clas-
sical Ly↵ P-Cygni profiles emerging from galaxies present a
blueshifted absorption, similar to the absorption profiles of low
ionization state (LIS) metallic lines. This is due to outflowing
neutral gas along the line of sight: the blue photons are seen at
resonance for this scattering medium, they are absorbed in the
blue and scattered away from resonance (the red peak emerges
because most photons have already been emitted to the red for
the scattering medium). It seems that in LCEs, it is possible for
photons to escape when there is a blue frequency, meaning that
the optical depth of the intervening medium is low enough to
allow their escape. We can think of two di↵erent scenarios: in
a homogeneous medium, both the column density and the ve-
locity of the neutral gas have to be low to shape double peaks
with small separations, but a clumpy outflowing medium can
also shape double peaks, as proposed and studied in detail in
Gronke & Dijkstra (2016). To get an insight into the geometry
and the kinematics of the intervening neutral gas, we are cur-
rently investigating the LIS metallic absorption profiles (Orlitova
et al., in prep.).

In Fig. 5, we present the peak shift measurements versus the
escape fraction of ionizing photons for all objects of Table 1.
A clear anti-correlation is found between the escape fraction of
ionizing photons and the separation of the peaks in the Ly↵ pro-
file (first panel) decreasing to Vsep ⇠ 300 km s�1 for the highest
f LyC
esc . Along the same lines, Hashimoto et al. (2015) showed that

the peaks separation is lower, and the velocity shift of the red
peak is smaller, in a sample of z ⇠ 2.2 LAEs than typically mea-
sured in LBGs (Shapley et al. 2003; Kulas et al. 2012), in corre-
lation with lower NHI estimates for LAEs than for LBGs from
Ly↵ line profile fitting (Hashimoto et al. 2015, their Fig. 11). As
predicted by radiation transfer modelling in idealised geometries
(Verhamme et al. 2015), the width and the shift of the main peak
or the peak separation trace the column density of the scattering
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Castellano+16	



Kinema4cs	
Gas	Kinema0cs	
(star	forming	galaxies):	
	

-	Higher	velocity	dispersion	
	at	high-z	

	

-	Lower	Vrot/σ at	high-z

(Progenitor	bias	fully	under	control?)	
Übler	
Kassin	
Turner	
Tiley	
Tran	
Patricio	
Straatman	
van	der	Wel	

Simons+17	

Stellar	Kinema0cs:	
	
->	probing	(also)	

	passive	galaxies	



Evolu4on	of	the		
Tully-Fisher	rela4on?...	

Major	problem:	sample	selec0on?	



-  Angular	resolu0on	
	(JWST,	ELT)	

-	Non-uniniform	gas	distribu0on	
	(van	der	Wel)	

Some	of	the	kinema4c	studies	warnings:	

-  Constraining	dark	ma\er	content	
	->	need	to	reach	larger	radii	
	 	(JWST,	ELT,	SKA2)	

Courtesy	
S.	Kassin	

Ubler+17	
Genzel+17	

HST	V-band	

Williams+14	



-  Angular	resolu0on	
	(JWST,	ELT)	

-	Non-uniniform	gas	distribu0on	
	(van	der	Wel)	

Some	of	the	kinema4c	studies	warnings:	

-  Constraining	dark	ma\er	content	
	->	need	to	reach	larger	radii	
	 	(JWST,	ELT,	SKA2)	

Courtesy	
S.	Kassin	

Ubler+17	
Genzel+17	

Hα	(SINFONI)	

Williams+14	



-  Angular	resolu0on	
	(JWST,	ELT)	

-	Non-uniniform	gas	distribu0on	
	(van	der	Wel)	

Some	of	the	kinema4c	studies	warnings:	

-  Constraining	dark	ma\er	content	
	->	need	to	reach	larger	radii	
	 	(JWST,	ELT,	SKA2)	

Courtesy	
S.	Kassin	

Ubler+17	
Genzel+17	

Vgas	(SINFONI)	

Williams+14	



-  Angular	resolu0on	
	(JWST,	ELT)	

-	Non-uniniform	gas	distribu0on	
	(van	der	Wel)	

Some	of	the	kinema4c	studies	warnings:	

-  Constraining	dark	ma\er	content	
	->	need	to	reach	larger	radii	
	 	(JWST,	ELT,	SKA2)	

Courtesy	
S.	Kassin	

Ubler+17	
Genzel+17	

HST	H-band	

Williams+14	



Clumps	(in-situ/ex-situ)	and	role	of	merging	

Zanella	
Jones	
Tasca	
Dave’	
Ferrara	

Clumps:	evidence	for	both		
-  in-situ	forma0on	(instabili0es)	

	and	long	survival	0mes	
-  accreted	clumps	(minor	merger)	
	
Merger	scenario	vs	“smooth”	accre0on...	
	really	alterna0ve	scenarios?	
	(accre0ng	flows	are	clumpy	and	form	stars	

	along	the	stream)	



Probing	cold	flow	accre4on	with	
3D	wide	field	spectroscopy	
Peroux	

Great	prospects	for	“tomography”	
(Hammer)	



Cosmological	constraints	using	high-z	HIIG	

Constraints	on	IMF	

Terlevich	
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“Any	change	in	the	slope	of	the	IMF	between	z	~	0	
and	z	~	2.5	has	to	be	less	than	~0.06	at	1-σ	level.”	



Next	genera4on	
facili4es:	
a	sudden	big	leap	
in	discovery	space	

DESI,	4MOST,	WAVE,	PFS,	MOONS,	Euclid,	WFIRST:	
“SDSS-like”	surveys	at	high-z	

ELT/TMT:	Will	couple	Sensi0vity	with	
angular	resolu0on	(Kassin)	

1,000	0mes	more	
sensi0ve!	

Equivalent	to		
suddenly	passing		
from	Galileo’s		
telescope	to	VLT	



Thank	you!	


