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Years after the Big Bang

S
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion
| | ViR I . I » I ¥ A I
: p4 : . 4 . )
The Big Bang o MY L : — ° " _ s
Q© T e - ' ~ ’ /
22 S AE\b -
o 1 4 ’ ‘ ‘-
- 2 gﬂ ’ - . T
@ (@) 6 po r - C_S
), > = s \ v - n
2 8 9 + - S
(2)> _8— (DD_ 3 . - - / _ 8
& S = i [ A &
~ A -
n & & o
W - Reionisa ion ’ . \ S
Fully ionised e Neutral < 7 * » Fully ionised Q‘Q“
| | : T A e LY ]
1000 100 10 1
Redshift + 1

First ultra IR
luminous
galaxies

Z ~9-3 0r
t=1-2 Gyr

Stars (UV)

L8

SFR>3000Me/yr

Hodge et al. 2015




Motivation

Years after the Big Bang
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Overview

Lecture 1: Detection methods and the galaxy census
-+ The Lyman break technique
- Deep surveys: a short history
- The UV luminosity function
- Qutstanding debates on the galaxy census
- Lyman alpha and dust continuum selections
Lecture 2: Dust and stellar mass

Lecture 3: Optical and sub-mm spectroscopy



The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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The spectral energy distribution
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Looking back to the early Universe

,Young galaxies are expected to be dominated by

O and B type stars - bright in the UV

AOV

MO lii

| Stéllér épéciré

Flux density (F, units) ...

- Ultraviolet Mid-infrared -
a2 ulB\lv J| [H E
g Jo'}ﬁtse(:.:/ ™~ Near-IR filters g
0.1 1.0 10.0

Wavelength (um)



Looking back to the early Universe

Sharp feature around ~100 nm shifts to
observable wavebands by redshift z=2-3
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Lyman break technigue

A

llllllllll

f
llllllllll

Typical intrinsic spectrum
of massive star

1000 1500 2000

Rest Wavelength ()

After passing through
inlerstellar gas

llllllllll

1000 1500 2000
Rest Wavelength ()

Received on earth, after
passing through IGM

Steidel et al. 1999

4000 6000 8000
Observed Wavelength ()



Lyman break technigue
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Lyman break technigue - ‘dropouts’
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1995: Hubble

Deep Fleld (H

1993 Hubble mirror
correction and
installation of Wide

Field and Planetary
Camera 2 (WFPC2)




Census of star-formation in the Universe

UV luminosity to
SFR conversion:

- Initial mass function
(IMF; Salpeter)

- Age of the stellar
population (100 Myr)

- Star-formation history
(constant)

* Dust attenuation
(assumed negligible)
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2004: Hubble Ultra Deep Field (HUDF)

2002 Hubble
upgrade with the
Advanced Camera Hubble Ultn;a Deeb Field
fOr SU rVeyS (ACS) Hubble Space Telescope * Advanced Camera for Surveys

NASA, ESA, S. Beckwith (STScl) and the HUDF Team STScl-PRC04-07a




GOODS fields

Great Observatories Origins
Deep Survey (GOODS)

- Larger area survey
detects brighter and
more rare systems

- First statistical samples

- Start to obtain an actual
census of the galaxy
population out to z=6

Giavalisco et al. 2004



UV luminosity function
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UV luminosity function
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2012: eXtreme

Deep Fleld (X

2009 Hubble
upgrade with the
Wide Field

Camera 3 (WFC3)




2012: eXtreme Deep Field

NICMOS vs WFC3

NICMOS J




CANDELS

Cosmic Assembly Near-
Infrared Deep
Extragalactic Survey

CANDELS-Deep

- CANDELS-Wide
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Wedding cake strategy
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Galaxy census out to the EoR
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Redshift Frontier: z~11
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Statistical samples
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Obtaining a census of star-formation activity

lookback time (Gyr)
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Interlopers and selection bias
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Photometric redshift fitting

- Minimise X2 for best fit

- Take 5-10 ‘templates’ 10
that cover the parameter
space of galaxy spectra
= 1
- Take all possible linear &‘8
combinations of the 01
template set at every N '
redshift with arbitrary L
normalisation 001 (used here)

PEGASE+SAM

redshift solution g SN T
1000 10 1
A/A

Brammer et al. 2008



Photometric redshift fitting
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Interlopers and selection bias
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Interlopers and selection bias
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Colour-colour selection
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Interlopers and selection bias
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Interlopers and selection bias
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Selection bias: age
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Selection bias: dust
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Colour-colour selection
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UV luminosity function: open questions

- Shape and evolution of the bright end of the UV LF:
implications for (AGN) feedback

+ Accelerated evolution at z>8: implications for the
emergence of the very first galaxies

- Slope and turnover of the faint end of the UV LF:
implications for cosmic Reionisation



Parametrisation of
the UV LF

-+ Schechter function breaks
evolution of galaxy
populations down to 3
parameters:

Muv*, ®* and a

dn _ (N LN
s - (2) ()

¢(M> — hzl 150 ¢*(100.4(M*—M))(a—|—1) eXp[_100.4(M*—M)]’

log,, Number / mag / Mpc?®

—22 -20 - 18 - 16

M 1600,AB

Bouwens et al. 2007



Parametrisation of
the UV LF

-+ Schechter function breaks
evolution of galaxy
populations down to 3
parameters:

Muv*, ®* and a

dn _ (N LN
s - (2) ()

¢(M> — hzl 150 ¢*(100.4(M*—M))(a—|—1) eXp[_100.4(M*—M)]’

log,, Number / mag / Mpc?®

—22 -20 - 18 - 16

M 1600,AB

Bouwens et al. 2007



Parametrisation of
the UV LF

Slow evolution
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Parametrisation of
the UV LF
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Halo mass evolution

Steinhardt et al. 2016
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Shape and parametrisation of the UV LF
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Shape and parametrisation of the UV LF
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Galaxy luminosity -




Shape and parametrisation of the UV LF
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Accelerated evolution z>87
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Accelerated evolution z>8%
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Faint end: below the tip of the iceberg

The galaxies that dominate
the UV output are not
observed in the HUDF
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Faint end: below the tip of the iceberg

Frontier Fields
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Faint end of the UV LF
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Faint end of the UV LF
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Faint end of the UV LF: impact of size distribution

log,, Number / mag / Mpc?

@]

|
N

I
N

I
o

| | | | | | | | | | | | | | II",'I
B 8 }i -
I -9?5 ]
; .!? |
- 0 @ .- —

OB P
_ 5, S _
i @ Bouwens+2015
8 @ HFF (r,~120 mas)
- @ HFF (r,~30 mas) A
. © e HFF (r,~7.5 mas) -
—? | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ]
—22 —20 —-18 —-16 —-14
M 600,48

Bouwens et al. 2017

L B L L A B B R
101 AT, 6_ 7 B This Work |
. ' e Shibuya+15 ]
100 Livermore+17 i
C : iaporte+16 ]
T Ishigaki+15 |
g ]
1071k ey —
10—2 PR T S R TR ST TN N S TR S N T | | |
—24 =22 —20 —18 —16 —14 —12
Muyv

Kawamata et al. 2018



Faint end of the UV LF: local dwarfs
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Faint end of the UV LF: local dwarfs
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Faint end of the UV LF; GRBs
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Faint end of the UV LF: G
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Alternative selection methods out to z=7



Alternative selections:
Lya / LAES

Lya at 1216A is the intrinsically
the brightest emission line in
the spectrum of SF galaxies

Due to resonant scattering the

Lya fraction goes down. Lya is
mainly observed in low-mass,
low metallicity systems

Ground based wide-field
narrowband imaging (e.g.

Subaru Hyper Supreme Cam)

has selected statistical samples
out to z=6.6

Quchi et al. 2008
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Alternative selections: Lya in I[FU spectroscopy
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Alternative selections: Lya in I[FU spectroscopy
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Alternative selections: IR/Sub-mm continuum
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Alternative selections: |
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Summary lecture 1

- Despite very limited information that is available on distant galaxies,
the last ~20 years has seen incredible progress in detecting galaxies
out to redshift z=10

- Some scepticism is justified as galaxy samples are always biased
towards young & dust-free galaxies and interlopers of lower redshift
quiescent galaxies and Milky Way stars are still often present

- Open questions on the galaxy census include
1) understanding the evolution of the UV LF bright end with respect
to halo mass evolution
2) How steep is the UV LF faint end and when does it turn over?
3) Is there evidence for accelerated evolution at z>87




