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Chemical Enrichment



Closed-box model

The metallicity evolution as a function of time is given by

Z(t) = —plIn

where p is the metal yield and is assumed to be constant.
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Closed-box model - derivation (cont.)
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The mass-metallicity relation

12 + log(O/H)

9.4]
9.2
9.0l

8.8/

8.4

I lllllllll ' lllllllll I lllllllll | IIIIII
) 9
8.5
—~
an
N
B )
Q0
| 2
I -
86 - = o 8
L i
§ 500} =
[ | e -10 -05 00 05 1.0 T
= ) . 12 + log(O/H) Residuals
8.0l'lll'llllll.llllll‘lllllllllllllllllllllll
8 9 10 11
log(M,)

Tremonti et al. (2004)

—11
1 ©
N
4
N
— 0.1
® LSD ]
O AMAZE |
1 | 1 1 I 1 | 1 | I 1
10 11

log (M./MO)

Mannucci et al. (2009)



Galaxy Growth



Galaxy formation and growth - big picture

Credit: ESA; C Carreau



Star formation in galaxies

PRC97-34b « ST Scl OPO « October 21, 1997 « B. Whitmore (ST Scl) and NASA




Star formation tracers in a galaxy
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The SFR - M* plane

1.9<Z<2.0
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Star formation quenching |

Early-type galaxy star formation quenching schematic

(1) ~100s Myr prior to quenching (t=0)

Inflows/cooling

blocked a7

e

(3) t~100s Myr post quenching

a\

(2) quenching time (t=0)

inflows/cooling B
blocked .~°

log stellar mass log stellar mass

Merger may drive SFR above main
Two galaxies on main sequence 4 sequence, or not.
are about to merge ’

Morphology is transformed to

Both bring in gas reservoir and are spheroid
connected to cosmic gas Inflow
. L Some process drives outflows of
R o gas to rapidly deplete the cold gas

el reservoir, perhaps AGN feedback?

Furthe mological inflows and/o
(4) t~1-2 Gyr post quenching o:,‘o.in; g:)spped? " '

Inflows/cooling B
blocked ="

log stellar mass ) - : log steliar mass
SFR drops rapidly to zero, 1 '

galaxy moves to green valley With no gas reservoir and no

i further gas inflows, new early-
Gas reservoir is destroyed, | .
further inflows not allowed to - . y type RS s
replenish . p sequence galaxy.

AGN active

Credit: K. Schawinski



Star formation quenching li

Late-type galaxy star formation quenching schematic

(1) prior to t=0 (2) t=0, quenching event

cosmological
gas inflow

(3) t~100-1000 Myr past quenching

cosmological
gas inflow

SFR
.

-

log stellar mass

Galaxy is on main sequence

cosmological
gas inflow

SFR

log stellar mass

Either cosmological inflows or

Msssiar ~ SFRP cooling from halo are stopped,
galaxy gas reservoir is now no
Inflows balance outflows: longer replenished

system in quasi-equilibrium
(Bouche+10; Lilly+13)

(4) t~ several Gyr past quenching

cosmological
gas inflow

Galaxy leaves main sequence
SFR = eMgas/tdyn

- g
either 2 ".'" Q@ either g ".'"“\
" ‘ " p
" " .
xed m log stellar mass log stellar mass
3‘ volr Several Gyr later...
reservoir SFR goes into exponential

decline, galaxy enters green
valley

Passive, red spiral galaxy

No morphological transform-
Gas reservoir is slowly used ation > “red spiral’
up

Very low SSFR

Credit: K. Schawinski



High-z Galaxies



Two types of studies of distant galaxies

Statistical studies Individual galaxy studies

HST/WFC3 H Swass from HST/WFC3 Sser from VLT/SINFONI
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Studying the high-z Universe with blank surveys

Thousands of galaxies can be
observed in a blank patch of sky
with the size of the full moon




In perspective...

Until only ~20 years ago, we had quite a sparse knowledge of galaxies at z>1.5
the connection between different galaxy populations was unclear

New facilities (HST, Spitzer, ground-based 8m-diam. telescopes) allowed
us to create a more complete and clearer picture of the Universe at high z




The cosmic SFR density

Galaxy formation and growth was much more efficient in the past
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The sources of reionization
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Selection of High z
Galaxies



The highest z known galaxy over the last decades

Date Galaxy z  Search Technique Reference
1999... SSA 22-HCM1 5.74 Narrowband imaging 1
1998 Oct... HDF 4-473.0 5.60 Photometric selection 2
1998 May... 0140+326 RDI1 5.34 Serendipity 3
1997... Cl 1358462, G1/G2 arcs 4.92 Serendipity/gravitational lensing 4
1996... BR 1202-0725 4.695 Narrowband imaging 5
1994... 8C 1435+63 4.26 Radio selection 6
1990... 4C41.17 3.80 Radio selection 7
1988... B2 0902+34 3.39 Radio selection 8
1985... PHS 1614+051 companion  3.215 Narrowband imaging 9
1984... 3C 256 1.82 Radio selection 10
1983... 3C 324 1.206 Radio selection 11
1982... 3C 368 1.131 Radio selection 12
1979... 3C6.1 0.840 Radio selection 13
1976... 3C 318 0.752 Radio selection 14
1975... 3C411 0.469 Radio selection 15
1960... 3C 295 0.461 Radio selection 16
1956... C10855+0321 0.20 Cluster selection 17

Credit: http.//ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html

To date we know a few thousand galaxy candidates at z>5-6 and a few at z~10-11


http://ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html

Selection of SF galaxies at z~2-3

s U G A
- N W Lyman-break
g F selection technique
300 4G0 - 560 ) 600 7{50
Wavelength (nm})
Introduced by
- L B L Steidel et al. (1996)
e,y L o, to select star-forming

galaxies at z~3

Picture Credit: http.//www.astro.ku.dk/~jfynbo/LBG.html

Note: low-z contaminants can be 20-30% of sample



Selection of SF galaxies at z~2-3

Q1700+6416 Field, & < 25.5

Shapley (2011), based on Steidel et al. (2004)

Lyman-break
selection technique



Selection of SF galaxies at z~4-5

changing the set of filters, the technique can be extended to select higher-z galaxies

B = R

1.0k

LRI R I LRI I BB I

ALJNLU L U I B I L |

1 [} 1 ] ' 7
r £ ! H ! ] ' 4
(b T ] A0 Do ) I8 0 D] 0 IS0 IS P o I 0 Bl o ) IR e

1 1 1 1
| | {1 2] ]
i Model £ i i °1 | HDF |
L} 1 1 L2 02 . - 1 i 1 = 3 . .
; H H i H i i H i H yi Al
' 1 1 1 ' 1 1 1 ' 1 1
' 1 . ] ] 1 1 1 ' 1
' 1 1 ' 1 1 1 ' 1
t_| 5 I 2 R
'
r { nopr o ¢ T
P M T lewd i |
)
) 1 i 1] i 1) i 1 i
' 1 1 1 I 1 | . . 1
P B\ g% it t  ip be P
% sape + L 4 St e oy Ll T }
i e o e S S P L T
' 1 L]
[ 1 1 | ' 1 b [ Y ' 1
' 1 ' ! ' 1 M s !* o 1
L ) ' ' 1 =1 ) ' 1
2 0 e s S
. - 1 | ' 1 R ‘e 1
L 1 ' ' i ' - LI 1
' 1 | ' 1 . ' 1
B ' 1 | 1 1 | .y LS 1
' 1 ! ' 1 i 15 H
.....}.".. ...{.... } { ....I} b + {
1] 1] ) ) i
L 1y 1 ! ' ! e’y 1
' 1 1 ' e 1
e | 1 | ' 1 1 1
- L] 1 L] L] 1 '
'l O R SR— S 1 L ad J
) 1 1 ) 1 )
. - i 1 ' i il
S 1 v ' 1 '
' ) L] ' 1 '
™ ' 1 1 ! 1 !
' ) ) 1 -
...‘l... J.. J .....{...... ...ll... 8"‘?".‘ ............ ¥ N— { ......
' 1 ' 1 '
- ] ] ! ) ]
) . 1 ) 1 '
B [ 1 T 1 '
L 1 1
0.0 |- l
) 1 1 1
. o 1 1 1
dl H : H
B ' | 1
' 1 1
1 1
1 1
! !

1 | | ' 1 i 2
- ! ' ! t 1 [ h
Ll bt b L it il h0 00

0.0 1:0

K =

2.0

Ouchi et al. (2004)

0.0 1:0

I = o

2.0

4.0

A

s VTV DT

LJNL UL I I B B

L] L) v v
ll.lllllll,llll|lll
o R 1 t ] _
| | '
O e T i i ]
1 i ' . ’
 § T \ RS
| | ) 1 ) e
; 1 1 I 1 1
' 1 [ ' 1 ]
H 1 1 1 1 1 1
| I 1 1 1 1
l =~ 1 ) 1 i ) 1 1
T ¥ )
e 1 ' 1 ] ' 1 ]
| 1 1 1 1 1 1
i i ) i 1 ) i 1
1 1 ' 1 1 e 1 1
. i ) i i 1) i
i | ! | | ! | !
v -
= ¥ t r —r T
1 | 1 | | 1 1 |
h ' ' | = te 1 '
1 | I 1 | o " 1 |
: : : : W R [ :
4 i) 1 { } A $ !
1 . 1 ol 1 !
) 1 1 1 ]
) 1 1 1 )
1 | 1 I 1 1
1 1 1 1 )
J
..} 4 .....l. + ....{.....
] 1 1 i 1
1 | 1 1 1
1 1 1 1 ]
1 | 1 1 1
) 1 1 '
V § WSS | 1 Y
i | \ )
[ i | |
s 1 1 |
1 1 1 '
1 1 |
' | |
J’. J  Y— ] - Y K T VR SR—— + ............ { ......
1 1 1
1 1 1
1 1 1
1 1
I
)
|
|
|
'
|
A Lous
V
'
|
'

1 ] ) 1 '
TOIR-EN T O TR0 O O OO U O OO0 O - 0 O O O O O Y

1 ] ] ' 1 ]
O TR W O T OO O O U O O O OO O OO O O O O

0.0 1.0 2.0

vV - 2

0.0 1:0

) - 2’

2.0

Caveat of this technique: biased against dusty galaxies!




The spectroscopic confirmation

stacked spectra of ~800 Lyman-break-selected galaxies

1.2 | | | |
i — low—1ion IS abs i
1 = — high—1on IS abs
i — stellar i
i nebular em i
i fine—structure em|
08 L H I em/abs
N i i
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3 0.6 —

Shapley et al. (2003)



Ly-break galaxies vs. Ly-alpha emitters

Lyman-break galaxies are not necessarily Lyman-alpha emitters

The Lyman-alpha line profile depends on the ability of Lya

photons to escape dusty/clumpy interstellar medium

problem: resonant scattering of photons with HI

note: if Lya EW > 100 A, then age < 50 Myr

30 —

observed spectrum n

FDF4691

............ input spectrum Vep= 12 km.s™! FDF5812
|_ __ output spectrum b= 20 km.s"! r
i N,;=8x10'® cm~2 100 |- Ny=2x10%
T,= 0.0 L Vexp=150 km.s™!
=0 Ew= 80 A | b=20 km.s-!
FWHM=1000 km.s~! | L T,=1.0 e
= z = 3.304 & | FWHM=100 km.s? | -
~ 50| Ew=280 &
L 2=4.992
10
0 g
D
o ~— -
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—2000 — 1000 X (i y 1000 2000 — 1000 0 1000 2000
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most common profile in high-z galaxies

Pictures Credit: Verhamme et al. (2008); see also Neufeld (1990)



Optical vs Near-IR Galaxy Surveys

for many years, the search of z>1.5 galaxies has been performed on optical images

but the advent of near-IR surveys showed that optical surveys miss a significant
fraction of high-z galaxies

Why!



Optical vs Near-IR Galaxy Surveys

for many years, the search of z>1.5 galaxies has been performed on optical images

but the advent of near-IR surveys showed that optical surveys miss a significant
fraction of high-z galaxies

Why!
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http://ned.ipac.caltech.edu/level5/Sept04/Stern/Stern1.html

Galaxy selection through photometric redshifts

INFRARED

ULTRAVIOLET Cl"@dit.' STSCI

. ‘cheap’ alternative
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redshift redshifts
Age Stellar
Mass
Dust

Extinction

1
Observed wavelength (microns)



Spectroscopic surveys

Spectroscopic galaxy surveys require big telescope time investments

necessary to confirm photometric techniques and for precision studies
(e.qg. study of galaxy pairs)

VIMOS Ultra Deep Survey
Galaxies at 2<z<™6

3600A
C O S M O S Ly-break Lyy Lyp
P
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2 COSMOS

40°000 VLT redshifts
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They usually require target pre-selection



Physics of High-z
Galaxy Evolution



Galaxy luminosities: theory vs. observations

SN
.. feedback

theory w/

/ no feedback

AGN
feedback

-18 -20 -22 -24

under the assumption that dark matter
halos host gas: need to find mechanisms
why conversion to stars is less efficient in
low and high mass systems

either gas can never cool or gas gets
reheated/removed

e.g. Springel et al. (2005); Somerville et al. (2008)



cold flows versus mergers

Star formation
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Observational constraints - the SFR-M* plane

SFR [Me/yr]
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Starbursts may be more
important than what it
was thought a few years
ago

but needs to look for
them among galaxies
with lower stellar
masses

Rodighiero et al. (2011)



Searching for galaxy outflows

Evidence for outflows in spectra

b

1000
Av(em — abs) (km s-1)

Velocity offsets (em-abs)
* Redshifted Lya
* Blueshifted IS abs

* Avg offset is 650 km s
(Az=0.008) = outflow

* Stellar photospheric
features are too weak to
detect, so we need to guess
what the systemic redshift
is

(Shapley et al. 2003)




Physics of star formation - gas outflows
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Dusty Galaxies at High z



Dust in the young Universe

@) ZE
z=3.00

Dust was very common in
galaxies at z~2-4 (Universe
was 1.5-3.5 Gyr old)

Isolated 59 7.9 100

26 | Disturbed? g1 75 89

0.5" = 2.6 kpc

Rujopakarn et al. (2016)

Relative J2000 Declination (arcsec)

Dust is rare in the first billion years, but evidence of
dust has been found in galaxies up to z~7-8.

1.5 1 0.5 0 -0.5 -1
Relative J2000 Right Ascension (arcsec)

Maiolino et al. (2015)



