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Tout commence par un univers très homogène,  
il y a 13.7 milliards d’années…

Télescope spatial Planck
Inhomogénéités de l’ordre de 10-5 = 1/100 000 /322



La	séquence	de	Hubble

Credits:	NASA	&	ESA,	adapted	by	Anaelle	Halle

✦	E:	elliptiques	
✦	S:	spirales	(éventuellement	avec	barres	et	bulbes)	
✦	S0:	lenticulaires	
✦	Irrégulières	

M87	(giant	elliptical)

M51(spiral)

NGC	6861	(lenticular)

LMC	(irregular) /323

…pour aboutir à une grande diversité de galaxies aujourd’hui



Fluctuations 
quantiques 

Fond diffus 
cosmologique

Ages sombres Développement des 
galaxies, des planètes, etc.

Expansion accélérée par 
l’énergie noire

Premières étoiles

13.7 milliards d’années
Credits	:	WMAP /324



Illustris simulation

/325lien video : https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4
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La formation des étoiles

Dark	matter

✦ 	Surtout	composés	d’hydrogène,	avec	des	masses	~105-107	M⦿,	des	tailles	de	quelques	
dizaines	de	parsecs	

✦ 	Effondrement	gravitationnel,	fragmentation	en	coeurs	denses	
✦ 	Réactions	de	fusion	nucléaire	et	nucléosynthèse	stellaire	

Les	étoiles	se	forment	dans	des	nuages	de	gaz	moléculaires	géants	du	milieu	interstellaire

La	nébuleuse	d’Orion,	une	zone	de	formation	d’étoiles	(NASA)

(1	parsec	=	3.09	1016	m)
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La formation des étoiles

Dark	matter

(1	parsec	=	3.09	1016	m)

P.	André	&	D.	Arzoumanian,	Konyves	et	al.	(2015)

✦	Milieu	interstellaire	turbulent,	champs	magnétiques,	instabilités	gravitationnelles	
✦	Effondrement	gravitationnel,	fragmentation	en	coeurs	denses	
✦	La	plupart	(75%)	des	coeurs	pré-stellaires	se	trouvent	le	long	des	bilaments	

Les	nuages	moléculaires	sont	fragmentés	en	un	réseau	de	structures	<ilamentaires
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La formation des étoiles

Guszejnov	et	al.	(2020)	lien video : https://mikegrudic.github.io/movies.html /328

https://mikegrudic.github.io/movies.html


L’évolution de la formation des étoiles

Aujourd’hui	
(redshift	z=0)

M51

SFR ∼ 3 M⊙/year
Il	y	a	8	milliards	d’années		

(z=1)

Evolution of High-z Star Forming Galaxies  

ACS - Hɲ 

ZC406690   
 z=2.19  

Star forming galaxy at z~2:  
SFR ~150 M~/year 

Modern star forming galaxy:   
SFR~3  M~/year 

 M51 

EGS12004754 
z=1.03 

Star forming galaxy at z~1:  
SFR ~50 M~/year 

EGS	1200	4754

SFR ∼ 50 M⊙/year

Evolution of High-z Star Forming Galaxies  

ACS - Hɲ 

ZC406690   
 z=2.19  

Star forming galaxy at z~2:  
SFR ~150 M~/year 

Modern star forming galaxy:   
SFR~3  M~/year 

 M51 

EGS12004754 
z=1.03 

Star forming galaxy at z~1:  
SFR ~50 M~/year 

ZC	406690

Il	y	a	10	milliards	d’années		
(z=2)

SFR ∼ 150 M⊙/year

SFR	:	taux	de	formation	d’étoiles	(star	formation	rate)
Credits	:	L.	Tacconi /329



L’évolution de la formation des étoiles

Madau	&	Dickinson	(2014)

Densité du taux de formation d’étoiles (par Mpc3)

Temps vers le passé (Gyr)

Aujourd’hui

Il y a 10 milliards d’années
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SDSS	galaxies	(z=0)

séquence principale de la formation des étoiles

galaxies 
plus bleues  

galaxies 
plus rouges  

séquence rouge

✦ 	Près	de	90%	de	la	formation	des	étoiles	des	10	derniers	milliards	d’années,	depuis	z~2	
✦ Le	SFR	à	sur	la	séquence	principale	a	diminué	d’un	facteur	~20	depuis	z~2	
✦ Faible	dispersion	:	évolution	due	à	des	processus	continues	plutôt	que	des	fusions	violentes	
✦Peu	de	galaxies	entre	les	deux	séquences	:	passage	vers	la	séquence	rouge	rapide

La séquence principale
Taux de formation d’étoiles (M☉/an)Taux de formation d’étoiles (M☉/an)

Masse stellaire (M☉)
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✦ 	Près	de	90%	de	la	formation	des	étoiles	des	10	derniers	milliards	d’années,	depuis	z~2	
✦ Le	SFR	à	sur	la	séquence	principale	a	diminué	d’un	facteur	~20	depuis	z~2	
✦ Faible	dispersion	:	évolution	due	à	des	processus	continues	plutôt	que	des	fusions	violentes	
✦Peu	de	galaxies	entre	les	deux	séquences	:	passage	vers	la	séquence	rouge	rapide

Wuyts	et	al.	(2011)

La séquence principale

disques sphéroïdes

SFR ∝ M0.8
star(1 + z)2.7

/3212



La séquence principaleTHE KMOS 3D SURVEY 9

Figure 4. Observed-frame IJH composite images of the resolved KMOS3D galaxies are shown at their approximate locations in the SFR-M⇤ plane for the
z ⇠ 1 (top) and z ⇠ 2 (bottom) samples. To avoid overlapping images small offsets are made in the two values to a clean area of parameter space. Offsets are
always less than 0.2 dex in either M⇤ or SFR, within the typical uncertainties in these properties. The solid line shows the canonical main sequence at z ⇠ 1 and
z ⇠ 2 respectively from Whitaker et al. (2014) adjusted for evolution by interpolating between redshift bins. The dashed and dotted lines show this main sequence
scaled up or down by factors of ⇥4 and ⇥10 respectively. All sources are shown on the same angular scale, as denoted by the 100 scale bar at the bottom right of
the plots; the orientation is North up, East left for all objects.

La séquence principale

Wisnioski	et	al.	(2015)Il	y	a	8	milliards	d’années
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10 WISNIOSKI ET AL.

Figure 5. KMOS H↵ velocity fields of the resolved KMOS3D galaxies at their approximate locations in the SFR-M⇤ plane for the z ⇠ 1 (top) and z ⇠ 2 (bottom)
samples. Positioning of the maps, lines and labels are the same as in Fig. 4.

La séquence principaleLa séquence principale

Wisnioski	et	al.	(2015)

THE KMOS 3D SURVEY 19

APPENDIX

A. HIGH S/N DISK SAMPLE IN FIRST YEAR DATA

We present the observed-frame IJH images, H↵ emission maps, velocity and velocity dispersion fields of the high-S/N disk
sample at z ⇠ 1 and z ⇠ 2 from the first year KMOS3D data. Velocity and velocity dispersion axis profiles extracted along the
kinematic axis in apertures equivalent to the PSF are shown for each galaxy. We fit a Freeman exponential disk model to the
velocity axis profile, given by

vobs(r) =
r
r0

p
⇡G⌃0r0(I0K0 - I1K1), (A1)

where ⌃0 is the central disk surface density, r0 is the exponential radius and Ii and Ki are i-th order modified Bessel functions
(Freeman 1970). The maximal velocity of this model is reached at ⇠ 0.88

p
⇡G⌃0r0 at a turnover radius of ⇠ 2.15r0. Additionally,

we fit the approximation for the velocity dispersion in a thick disk (�02; Genzel et al. 2008; Cresci et al. 2009) to the dispersion
profile with a constant level of intrinsic dispersion, �01, added in quadrature as described by;

�02(r) =
vrot(r)hz

r
, (A2)

�mod(r) =
q

�2
01 +�02(r)2. (A3)

The models are convolved with the average PSF of the pointing prior to fitting. In practice for this model, the constant scale
height, hz, determines the normalization of the vrot/r curve in the �02 term while �01 determines the value that the model flattens
to at radii beyond the turnover radius. In the cases where �01 > 0 the measured velocity dispersion �0 is �0 ⇡ �01. When �01 is
equal to zero, �mod approaches zero at infinity.

Figure A1. HST images, kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data. From left to right for an individual galaxy:
Observed-frame IJH color composite image from CANDELS HST imaging, H↵ emission map from KMOS, corresponding velocity field, and velocity dispersion
field, followed by the velocity and velocity dispersion axis profiles. North is up and East is left for all galaxy images and maps. The axis profiles are extracted
along the kinematic PA as denoted by the light blue line over plotted on the velocity map. The photometric PA, as determined by F160W HST images, is shown
by the pink line. The blue arcs correspond to ±18�, the average misalignment between photometric and kinematic PAs, while the pink arcs correspond to ±3�
error on the photometric PA. The white circle in the H↵ image represents the FWHM of the PSF. Exponential disk models fit to the axis profiles, black data
points, are shown by the red curves. The velocity fields are scaled by minimum and maximum v(r) from the corresponding axis profile and velocity dispersion
fields are scaled by the minimum pixel dispersion and the maximum dispersion from the dispersion axis profile.
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Figure A2. cont.; Kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data

20 WISNIOSKI ET AL.

Figure A2. cont.; Kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data

Des	disques	en	rotation

Il	y	a	8	milliards	d’années

/3214



La séquence principaleLa séquence principale

THE KMOS 3D SURVEY 9

Figure 4. Observed-frame IJH composite images of the resolved KMOS3D galaxies are shown at their approximate locations in the SFR-M⇤ plane for the
z ⇠ 1 (top) and z ⇠ 2 (bottom) samples. To avoid overlapping images small offsets are made in the two values to a clean area of parameter space. Offsets are
always less than 0.2 dex in either M⇤ or SFR, within the typical uncertainties in these properties. The solid line shows the canonical main sequence at z ⇠ 1 and
z ⇠ 2 respectively from Whitaker et al. (2014) adjusted for evolution by interpolating between redshift bins. The dashed and dotted lines show this main sequence
scaled up or down by factors of ⇥4 and ⇥10 respectively. All sources are shown on the same angular scale, as denoted by the 100 scale bar at the bottom right of
the plots; the orientation is North up, East left for all objects.

Wisnioski	et	al.	(2015)Il	y	a	10	milliards	d’années
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10 WISNIOSKI ET AL.

Figure 5. KMOS H↵ velocity fields of the resolved KMOS3D galaxies at their approximate locations in the SFR-M⇤ plane for the z ⇠ 1 (top) and z ⇠ 2 (bottom)
samples. Positioning of the maps, lines and labels are the same as in Fig. 4.

La séquence principaleLa séquence principale

Wisnioski	et	al.	(2015)

Des	disques	en	rotation
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Figure A1. cont.; Kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data
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Figure A1. cont.; Kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data

Il	y	a	10	milliards	d’années
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La croissance des galaxies

fusions filaments de gaz 

Dekel	et	al.,	dont	Freundlich	(2009)

lien video: https://svs.gsfc.nasa.gov/vis/a010000/a010600/a010687/index.html /3217
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Le gaz dans les galaxies

Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

·Mgaz = ·Mgaz,in − ·M⋆ − η ·M⋆ + R ·M⋆

Tumlinson,	Peebles	&	Werk	(2017)

Halo

·Mgaz,in

Accretion	du	gaz

·M⋆

Formation	des	étoiles

η ·M⋆

	Ejection	du	gaz

R ·M⋆

Recyclage
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·Mgaz = ·Mgaz,in − ·M⋆ − η ·M⋆ + R ·M⋆
·Mgaz,in

Accretion	du	gaz

·M⋆

Formation	des	étoiles

η ·M⋆

	Ejection	du	gaz

R ·M⋆

Recyclage

Un modèle pour expliquer la séquence principale 

Lilly	et	al.	(2013)
/3219



·Mgaz = ·Mgaz,in − ·M⋆ − η ·M⋆ + R ·M⋆
·Mgaz,in

·M⋆ η ·M⋆ R ·M⋆

Un modèle pour expliquer la séquence principale 

Bouché	et	al.	(2010)

	Ejection	et	recyclage	du	gaz
η ·M⋆ proportionnels	au	taux	de	formation	d’étoilesR ·M⋆et

	L’accrétion	du	gaz·Mgaz,in proportionnel	à	l’accrétion	cosmologique	(baryons	et	matière	noire)	
Seuils	:	pas	d’accrétion	quand	le	halo	est	trop	petit	ou	trop	grand
·Mgaz,in ∝ ϵin fb

·Mhalo avec ·Mhalo ∝ M1.1
halo(1 + z)2.2 (Neistein & Dekel 08)

·M⋆ = SFR
	La	formation	des	étoiles

proportionnel	à	la	quantité	de	gaz	dans	la	galaxie
·M⋆ = SFR = ϵSFRMgas/tff avec ϵSFR ∼ 0.02

et tff ∝ (1 + z)−1.5 le temps dynamique

	Equilibre	de	la	quantité	de	gaz
·Mgas = 0
·Mgas = ·Mgas,in −

ϵSFR(1 + η − R)
tff

Mgas = 0
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·Mgaz = ·Mgaz,in − ·M⋆ − η ·M⋆ + R ·M⋆
·Mgaz,in

·M⋆ η ·M⋆ R ·M⋆

Un modèle pour expliquer la séquence principale 

Bouché	et	al.	(2010)

Des	prédictions	en	accord	avec	les	observations	:	

Ei volution	de	la	formation	des	étoiles Séquence	principale

/3221



Taux de formation d’étoiles et gaz moléculaire

Leroy	et	al.	(2008)
/3222



La relation de Schmidt-Kennicutt

Bigiel	et	al.	(2008)

atomique moleculaire

presque linéaire 

galaxies à  
flambée d’étoiles

Densité surfacique du taux de formation d’étoiles

Densité surfacique du gaz

Temps	de	déplétion	
tdepl = Mgas/SFR

temps	 de	 consommation	
du	gaz	à	taux	de	formation	
d’étoiles	constant	

t depl
= 0.1 Gyr

t depl
= 1 Gyr

t depl
= 10 Gyr

Aujourd’hui	(z=0)
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La relation de Schmidt-Kennicutt

A	différentes	époques
pour	le	gaz	moléculaire	

Freundlich	et	al.	(2019)

z=0.5-0.8	(il	y	a	5-7	Gyr)

z=1-2	(il	y	a	8-10	Gyr)

z=0	(aujourd’hui)

tdepl	évolue	peu	durant	les	10	
derniers	milliards	d’années

t de
pl

=
0.1

Gyr
t de

pl
=

1 Gyr
t de

pl
=

10
Gyr

PHIBSS
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Les relevés PHIBSS de l’IRAM
IRAM	Plateau	de	Bure	HIgh-z	Blue	Sequence	CO	Surveys	

Freundlich	et	al.	(2019)

✦ Couvrent	la	mise	en	place	(z=2-3),	le	pic	(z=1-1.6)	et	la	diminution	(z=0.5-0.8)	de	la	
formation	des	étoiles

✦ Plus	de	170	galaxies	de	la	séquence	principale
✦ Observations	du	gaz	moléculaire	CO	(monoxyde	de	carbone)

Tacconi	et	al.	(2010,	2013,	2018),	Genzel	et	al.	(2010,	2012,	2013,	2015),	Freundlich	et	al.	(2013,	2019),	Bolatto	et	al.	(2015),	Carleton	et	al.	(2017)

IRAM	NOEMA	interferometer /3225



IRAM	Plateau	de	Bure	HIgh-z	Blue	Sequence	CO	Surveys	

HST bande I modèle galfit résidus profil raie du CO 

Freundlich	et	al.	(2019)

Les relevés PHIBSS de l’IRAM
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L’évolution de la quantité de gaz et du temps de déplétion
Temps de depletion

Fraction de gaz moléculaire

Temps Position par rapport à la séquence principale
Tacconi	et	al.,	dont	Freundlich	(2018)

Aujourd’hui Il y a 11 Gyr En dessous Au dessus

tdepl	 évolue	 peu	 durant	 les	 10	
derniers	milliards	d’années

la	 fraction	 de	 gaz	 était	 bien	 plus	
grande	il	y	a	10	milliards	d’années	

la	fraction	de	gaz	est	plus	grande	au	
dessus	de	la	séquence	principale…	

…	et	plus	faible	en	dessous

tdepl	 est	 plus	 petit	 au	 dessus	 de	 la	
séquence	principale…	

…	et	plus	grand	en	dessous

5%	à	z=0

37%	à	z=1

52%	à	z=2
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Gaz et temps de déplétion dans la séquence principale

optical stellar light. In highly dusty systems, the stellar
and gas distributions may have significantly different
radial scales. Spatially resolved measurements of the
molecular gas and dust distributions are urgently needed
for a more robust test of the size/surface density
dependence.

5. The quality and the remarkable congruence of data
obtained with different methods and calibrations have
allowed us to test for second-order effects, beyond the
simple single power laws in (1 + z), sSFR, and M*. We
find significant evidence for curvature in the N –zgas
relation, which tracks the sSFR evolution and perhaps
indicates deviations from a simple ideal gas regulator
with depletion time as its fastest time clock (Lilly
et al. 2013). The mass dependencies of tdepl and μgas may
also require a curvature term at low stellar masses,
although measurements in this regime of subsolar-
metallicity gas are challenged by our relatively poor
knowledge of the metallicity dependence of the CO
conversion factor and the dust-to-gas ratio. None of the
other scaling relations require significant deviations from
simple power laws. In the stellar mass–SFR plane tdepl
only shows a vertical variation, while μgas varies in both
coordinates (Figure 7, left top and bottom).

The scaling relations presented in this paper improve on
previous work, since they are based on larger data sets
available from our own work and from the literature, and they
are derived using consistent assumptions for SFRs, stellar
masses, and molecular gas and dust conversions. With these
relations, it is now possible to determine molecular gas masses
and depletion timescales with an accuracy and scatter of
±0.1 dex or better in relative terms and in sample averages, and
±0.2 to ±0.25 dex of individual galaxies, including systematic
uncertainties.

We are grateful to the staff of the IRAM facilities for the
continuing excellent support of the large CO survey programs
we have been analyzing in this paper. We also thank Albrecht
Poglitsch and Matt Griffin, the PACS and SPIRE teams, and
ESA for their excellent work on the Herschel instruments and
mission. Finally, we thank the referee, whose suggestions have
led to a clearer manuscript overall. This paper makes use of the
following ALMA data: ADS/JAO.ALMA#2013.1.00092.S.
ALMA is a partnership of ESO (representing its member states),
NSF (USA), and NINS (Japan), together with NRC (Canada),
MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO, and NAOJ.

Figure 7. Graphical summary of the 2D distributions of depletion timescale tdepl (left) and ratio of molecular gas to stellar mass, μgas (right), in the stellar mass–sSFR
plane, after removing the redshift dependencies. The top row shows the smoothed data (combining CO and dust techniques), while the bottom row gives the residuals
between the data and the best-fitting scaling relations (Table 3(a)). The only remaining features in the bottom panels are the possible downturn of the depletion
timescale and gas fraction at the low-mass tail, which is very sensitive to the metallicity dependence of BCO, as discussed in Section 4.2.3. In all panels, the color-
coding corresponds to LOESS-smoothed quantities. The LOESS method recovers underlying mean values by accounting for neighboring data points (and errors) and
is essentially a running local average (Cappellari et al. 2013).
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ligne médiane de la séquence principale 
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Interpretation en termes de contraction/consommation/
réapprovisionnement du gaz 

Tacchella	et	al.	(2016)

lo
g(

SF
R/

SF
R(

M
S)

)
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 contra
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nt
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ion

arret de la form
ation 

Contraction du gaz
Due à un fort apport en gaz ou à 
une fusion (majeure ou mineure)

Gaz concentré au centre de la galaxie, 
augmentation du taux de formation 
d’étoiles, faible temps de déplétion, grande 
fraction de gaz

Blue Nugget

Baisse de la formation d’étoiles
La consommation du gaz au 
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Interpretation en termes de contraction/consommation/
réapprovisionnement du gaz 

Simulations	cosmologiques	VELA	(Ceverino	et	al.	2014)

contraction du gaz blue nugget consommation du gaz anneau

Dekel	et	al.,	dont	Freundlich	(2020a,b),	Lapiner,	Dekel,	Freundlich	et	al.	(2023) /3230



L’arrêt de la formation des étoiles 
au dessus d’une certaine masse

Dekel	&	Birnboim	(2006),	Ocvirk	et	al.	(2008),	Dekel	et	al.,	dont	Freundlich	(2009)
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Figure 5. Analytic prediction for the regimes dominated by cold flows and shock-heated
medium in the plane of halo mass and redshift, based on Fig. 7 of DB06. The nearly
horizontal curve marks the robust threshold mass for a stable shock based on spherical
infall analysis, Mshock(z). Below this curve the flows are predicted to be predominantly
cold and above it a shock-heated medium is expected to extend out to the halo virial
radius. The inclined solid curve is the conjectured upper limit for cold streams, valid at
redshifts higher than zcrit ∼ 2. The hot medium in haloes of Mv > Mshock at z > zcrit is
predicted to host penetrating cold streams, while haloes of a similar mass at z < zcrit are
expected to be all hot, shutting off most of the gas supply to the inner galaxy. Also shown
is the characteristic Press-Schechter halo mass M∗(z); it is much smaller than Mshock at
z>2.

expected to develop along narrow, cold, radial streams that penetrate through the halo,
because the cooling there is more efficient than in the surrounding halo.

The appearance of intense streams at high z, as opposed to their absence at low z, is
likely to reflect the interplay between the shock-heating scale and the independent charac-
teristic scale of nonlinear clustering, i.e., the Press-Schechter36 mass M∗ that corresponds
to the typical dark-matter haloes forming at a given epoch. The key difference between the
two epochs is that the rapid growth of M∗ with time, as seen in Fig. 5, makes Mshock"M∗

at z>2 while Mshock∼M∗ at lower redshifts.

Cosmological N -body simulations9,37 reveal that while the rare dark-matter haloes of
Mv "M∗ tend to form at the nodes of intersection of a few filaments of the cosmic web,
the typical haloes of Mv∼M∗ tend to reside inside such filaments. Since the filament width
is comparable to the typical halo size R∗∝M1/3

∗ and seems not to vary much with position
along the filament, one expects the rare haloes to be fed by a few streams that are narrow

galaxie typique 

Masse du halo de matière noire

filaments de gaz froid 
dans un halo chaud 

filaments de gaz froid

halo chaud
+AGN
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Figure 5. Maps of the physical properties of the gas for a typical M = 2 × 1012 M" halo. Left-hand column: z = 4, right-hand column: z = 2.5. Top: projected
density, middle: temperature slice, bottom: metallicity slice. The large (small) black circle shows the location of Rvir (0.2 Rvir) for the central galaxy. Note the
disappearance of filaments at low redshift.

4.3 Cold streams

In DB06, Mstream is related to Mshock, which strongly depends on
metallicity via the cooling function, as also shown by fig. 10 of
BD03 and fig. 2 of DB06. As established from Section 3.1 and Fig. 1,
the metallicity of cold streams is rather low. At z = 4, for example,
the metallicity queue of the cold accretion mode extends down to
Z = 10−8 Z" and possibly lower, while the cold high-Z accretion
consists of the surroundings satellite galaxies gas discs, rather than
genuine cold streams. The efficiency of radiative cooling decreases

towards low metallicity, and fig. 13 of Sutherland & Dopita (1993)
shows that at Z/Z" = 10−3 the cooling properties of the gas are
already those of a primordial mixture. We use this value of the
metallicity for the DB06 modelling of Mstream. Doing so shifts the
disappearance of cold streams to earlier times (i.e. higher z) with
respect to the original assumption of DB06 (Z0 = 0.1 Z"), as a
consequence of less effective radiative cooling. Fig. 6 shows that this
modelling of the low-Z cold streams then matches our measurements
rather well. The value plotted for Mstream at z = 5.4 is an extrapolation
and is given only as a lower limit (indicated by the arrow).
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metallicity for the DB06 modelling of Mstream. Doing so shifts the
disappearance of cold streams to earlier times (i.e. higher z) with
respect to the original assumption of DB06 (Z0 = 0.1 Z"), as a
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metallicity via the cooling function, as also shown by fig. 10 of
BD03 and fig. 2 of DB06. As established from Section 3.1 and Fig. 1,
the metallicity of cold streams is rather low. At z = 4, for example,
the metallicity queue of the cold accretion mode extends down to
Z = 10−8 Z" and possibly lower, while the cold high-Z accretion
consists of the surroundings satellite galaxies gas discs, rather than
genuine cold streams. The efficiency of radiative cooling decreases

towards low metallicity, and fig. 13 of Sutherland & Dopita (1993)
shows that at Z/Z" = 10−3 the cooling properties of the gas are
already those of a primordial mixture. We use this value of the
metallicity for the DB06 modelling of Mstream. Doing so shifts the
disappearance of cold streams to earlier times (i.e. higher z) with
respect to the original assumption of DB06 (Z0 = 0.1 Z"), as a
consequence of less effective radiative cooling. Fig. 6 shows that this
modelling of the low-Z cold streams then matches our measurements
rather well. The value plotted for Mstream at z = 5.4 is an extrapolation
and is given only as a lower limit (indicated by the arrow).
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Conclusion
La	 formation	 des	 étoiles	 connait	 un	 pic	 il	 y	 a	 10	 milliards	
d’années	

La	 plus	 grande	 partie	 des	 étoiles	 (90%)	 se	 forme	 dans	 les	
galaxies	de	la	séquence	principale	

Les	 galaxies	 de	 la	 séquence	 principale	 sont	 pour	 la	 plupart	
des	disques	en	rotation	
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APPENDIX

A. HIGH S/N DISK SAMPLE IN FIRST YEAR DATA

We present the observed-frame IJH images, H↵ emission maps, velocity and velocity dispersion fields of the high-S/N disk
sample at z ⇠ 1 and z ⇠ 2 from the first year KMOS3D data. Velocity and velocity dispersion axis profiles extracted along the
kinematic axis in apertures equivalent to the PSF are shown for each galaxy. We fit a Freeman exponential disk model to the
velocity axis profile, given by

vobs(r) =
r
r0

p
⇡G⌃0r0(I0K0 - I1K1), (A1)

where ⌃0 is the central disk surface density, r0 is the exponential radius and Ii and Ki are i-th order modified Bessel functions
(Freeman 1970). The maximal velocity of this model is reached at ⇠ 0.88

p
⇡G⌃0r0 at a turnover radius of ⇠ 2.15r0. Additionally,

we fit the approximation for the velocity dispersion in a thick disk (�02; Genzel et al. 2008; Cresci et al. 2009) to the dispersion
profile with a constant level of intrinsic dispersion, �01, added in quadrature as described by;

�02(r) =
vrot(r)hz

r
, (A2)

�mod(r) =
q

�2
01 +�02(r)2. (A3)

The models are convolved with the average PSF of the pointing prior to fitting. In practice for this model, the constant scale
height, hz, determines the normalization of the vrot/r curve in the �02 term while �01 determines the value that the model flattens
to at radii beyond the turnover radius. In the cases where �01 > 0 the measured velocity dispersion �0 is �0 ⇡ �01. When �01 is
equal to zero, �mod approaches zero at infinity.

Figure A1. HST images, kinematic maps and axis profiles for the high S/N disk galaxies in KMOS3D first year data. From left to right for an individual galaxy:
Observed-frame IJH color composite image from CANDELS HST imaging, H↵ emission map from KMOS, corresponding velocity field, and velocity dispersion
field, followed by the velocity and velocity dispersion axis profiles. North is up and East is left for all galaxy images and maps. The axis profiles are extracted
along the kinematic PA as denoted by the light blue line over plotted on the velocity map. The photometric PA, as determined by F160W HST images, is shown
by the pink line. The blue arcs correspond to ±18�, the average misalignment between photometric and kinematic PAs, while the pink arcs correspond to ±3�
error on the photometric PA. The white circle in the H↵ image represents the FWHM of the PSF. Exponential disk models fit to the axis profiles, black data
points, are shown by the red curves. The velocity fields are scaled by minimum and maximum v(r) from the corresponding axis profile and velocity dispersion
fields are scaled by the minimum pixel dispersion and the maximum dispersion from the dispersion axis profile.

La	formation	des	étoiles	dans	la	séquence	principale	implique	
un	apport	régulier	en	gaz	le	long	de	bilaments	de	gaz	froid

On	 peut	 expliquer	 la	 séquence	 principale	 par	 un	 modèle	
d’équilibre	du	gaz,	à	partir	duquel	se	forment	les	étoiles

Le	taux	de	formation	d’étoiles	est	proportionnel	à	la	masse	de	
gaz	moléculaire

L’évolution	 du	 taux	 de	 formation	 d’étoiles	 dans	 la	 séquence	
principale	suit	celle	de	la	fraction	de	gaz	moléculaire

L’ef<icacité	de	la	formation	des	étoiles	n’est	que	légèrement	
plus	importante	il	y	a	10	milliards	d’années

Les	galaxies	de	la	séquence	principale	pourraient	passer	par	
des	 cyc les	 de	 contract ion ,	 consommation	 e t	
réapprovisionnement	en	gaz
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