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fractional age of the universe
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Build-up of stellar mass
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CFRS: Lilly et al 1995
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Down-sizing

DOUBLING TIME (YRS)

Cowie et al 1996
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Strong number density evolution of most luminous sources: e.g. radio sources
with implied Lz > 1012 L, (Cowie et al):
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Morphological evolution of galaxy population

Not simply A effect (but beware of SB effects)
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z ~ 3 “Forming galaxies” in the optical:

Highly irregular morphologies...
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Hidden Universe ALMA and the high redshift Universe



The theoretical paradigm: A-CDM

Q.,~03,Q,~0.04, 0, ~0.7, h~ 0.7, plus random

phase n, = 1 fluctuation spectrum

Great successes
 CMB fluctuations

» Self-consistent
estimates for P(Kk)
over 4.5 dex In
scale

Precision cosmology!

We have a quantitatively
precise (in principle)
“theoretical paradigm” for
structure formation and we
know how to translate our
observations
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— Hierarchical
collapse of dark
matter haloes

— Cooling baryons
leads to star-
formation and

galaxy formation

The theoretical paradigm Semelin & Coombes 2003




Semi-analytic models: Merger tree, plus prescriptions for gas and stars
during merger, cooling rates, SFR and feedback etc.
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Hydrodynamical models:

Steinmetz and Navarro

Successes 2 Exploring cosmic frontiers, Berlin May 2004



Possible problems?

« Too many small haloes Re-ionization prevents
predicted (and which survive in cooling into late-forming
larger haloes) haloes?
1000 = .
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| | | |

0.1
Vsat/vpeak [R< RBGOJ

Current problems? Exploring cosmic frontiers, Berlin May 2004



Possible problems?

 Two many small haloes

predicted
DM haloes are predicted to be
too cuspy 107 S -
I]’r']u::rit :g
1001 — gatz=—0,1? _
e :

poc 1B B ~1 NFW
B ~ 1.5 Moore

10

Current problems? Exploring cosmic frontiers, Berlin May 2004



NGC 2976 Simon et al (astro-ph/0307154)
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Possible problems?

 Two many small haloes
predicted

DM haloes are predicted to be
too cuspy

o Galaxies are predicted to be too
small at a given v, (angular
momentum problem)

Due to angular momentum
exchange between DM and
baryons during cooling

Current problems?

Log j [km s™* hg} kpc]

+ Late—type spirals

O Navarro & Steinmetz (2000)

Log V,,, [km s

Exploring cosmic frontiers, Berlin May 2004
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[ o Cole et al 2001 « GDDS

Possible problems?

« Two many small haloes %o
predicted £
DM haloes are predicted to be 3 s bt
too cuspy ¥ b
- log,(M) = 10.2 o Dickinson et al
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o Dark matter physics, cosmology(?)
* Interaction of the baryons with the dark matter

* Interaction of the baryons with themselves: esp. the great
unknown of galaxy formation: STAR-FORMATION (also,
cooling and shock heating outside of galaxies, AGN
Interactions inside)

We do not have theory for local star-formation, have only rather
sketchy ideas about what regulates disk SFR, and virtually none
about “spheroid star-formation”, and anyway conditions in the
early Universe will differ....
. St_a_r-formation rate and efficiency Uncertain feedback loops
e |nitial mass func_tlon (light and mass) via photo-, chemical- and
e Supernova heating — feedback, outflows mechanical interaction
« Chemical evolution (also cooling etc) with medium

The big unknown: star-formation



Galaxy masses at high redshift are uncertain

TABLE 5. COMPARISON OF DYNAMICAL AND STELLAR MASSES

a® ﬂi{dynh Tmin® Mstar (Tmz'n }d Tmazx® ﬂr{star{Tmam}f

Galaxy (km s~1) (101 A5 (Gyr) (1011 M) (Gyr) (101X M)
Q1623-BX274 121 0.258 0.20 1.27 (0.70) 5.00 2.76 (1.52)
Q1623-MD66 120 0.28 0.05 0.499B27) oo L9 46165
Q1623-BX344 92 0.16 0.20 1.06 (0.58) 2.00 2.18 (1.20)
Q1623-BX453 61 0.07 001 049 (0.27) o 0.92 (0.51)
Q1623-BX 528 142 0.58 0.20 1.09 (0.60) 2.00 2.47 (1.36)
Q1623-BX 599 162 0.50 0.20 0.83 (0.46) 5.00 1.69 (0.93)
Q1623-BX663 132 0.45 0.20 1.06 (0.58) 1.00 2.35 (1.29)

Masses Exploring cosmic frontiers, Berlin May 2004



Galaxy dm/dt at high redshift are uncertain

The merger rate:

For a typical galaxy what is

« Am from continuously forming stars
« Am from addition of existing stars

« Am from star-burst in addition of gas
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Accumulation of mass Exploring cosmic frontiers, Berlin May 2004
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What is needed (1): More comprehensive phenomenology of galaxies
at high redshift

Spitzer: Galaxy stellar masses, obscured star-formation

ALMA: Molecular gas and dust content of normal galaxies
Gas kinematics
Obscured star-formation
Nature of highly luminous star-bursts

JWST: Galaxy populations (e.g. LMC at rest—V at z = 5)
Gas/stellar kinematics, metallicities, reddening etc
Galaxy morphologies (bars etc.)

ELT: More of the same (already at limits of 8-10m telescopes),
especially complementarity with ALMA and JWST.

Key guestions: stellar mass assembly via star-formation, mergers or star-

bursts? Physical processes in high z ULIRGs? Role of environment? Chemical
evolution of IGM?

What is needed - | Exploring cosmic frontiers, Berlin May 2004



What is needed (2) Studies of galaxies today — e.g. secular evolution of disks

Most small bulges (later than Sbc)
made from disk instabilities?

e.g. SDSS size distribution (Shen
et al 2003)

How to make merger-less disks in
hierarchical models?

Mayer, Carollo, Moore &
Debattista 2004
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What is needed (3): Extension to the other components in Universe

e . g . dark matter ACDM (Jain et al. 1997) Smocthed (1'3
ACDM ACDM: 1’ smoothed

Gronmid Bpacea

Ground HST/SNAP

What is needed - 2



What is needed (3): Extension to the other components e.g. gas

4
]

Galaxy formation is
only ~10% efficient.
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gas alone > the stellar
mass
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Flourescence of ionizing
radiation for N, > 1018 cm-2
NB: DLA (N, > 1022 cm™)
systems avoid galaxies

Fluorescent Lya in 6x6x6 Mpc?
Cantalupo et al, 2004




What is needed (4): Extremely large samples of galaxies

1 (a) Evolution must depend on mass, environment (directly and
through epoch of collapse), stochastic processes....

(b) Want to use homegeneity of Universe to relate populations
at different epochs.

2. Cosmic variance — a cautionary example

What is needed - 3 Exploring cosmic frontiers, Berlin May 2004



9x9 arcmin?
CFRS fields (~
150 gals each)

30x30 arcmin?
CFRS fields (~
2500 gals each) —
Brodwin et al
2004 photo-z

Down to IAB ~ 24
(10,000 galaxies
each)

Number (dedf)
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Number (deg’)

I T A A | |

03hr Fied |

o

14hr Fietd 7

22hr Fied

00 02 04 06 08 10 12 00 02 04 06 08 10 1.2 00 02 04 06 08 10 12

z

z

z

03hr Fied |

14hr F ied

22hr Fied

. 30atz=0.7 Az=04atz=0.7
Equivalent surveys
(23 Mpc) (1200 Mpc)
Atz~1.5 15 arcmin Az =0.8
Atz~3 10 arcmin Az=1.6
Atz~6 8 arcmin Az =35




1 COSMOS (Scoville et al)

| 1.4x1.4 deg? ~100+x100+
Mpc?

600 HST/ACS pointings
(F814W)

Subaru/CFHT UBVRIZ @
26-27 mag

CSO 1.1mm @ 2 mJy
Galex near-UV @ AB=26
XMM @ 800ksec
~90,000 redshifts VIMOS
Spitzer 3-160 mm - 2mJy
— 40 mJy

VLA S1.4 ~ 7.5/17 ply

300,000 I,5 < 25 objects, of
which
* 160,000 z > 0.7 galaxies
* 50,000 z > 1.5 galaxies
«15,0000.7<z<2ERO
ellipticals
«20,0001.8<z<3.5LBG
*50002<z<3.5"ed
galaxies”
* 40000 XMM AGN
* 3000 SCUBA ULIRGs
» 120 X-ray clusters

COSMOS Exploring cosmic frontiers, Berlin May 2004



No Extinction Towards

Reionization...
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ertoldi et al 2003

SDSS J1148

MAMEO 12 mm (contour)
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Generic prediction: Hernquist & Springel analytic modelling of numerical
hydro simulation gives exponential decline at high redshifts
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The “frontier” (I): Reionization
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T=100,000K T=50,000K

What did it? A T
10 2 10
e lonizing spectrum A < 912A B 1
 Escape fraction 0.1 s 0.1
) -2
» Clumpiness and o8 o
Temperature in IGM 10 Ea=re . 10
With reasonably optimistic 10 10
assumptions, known LBG in 1 3 \
GOODS + UDF are in fact o1 2 101
sufficient to ionize between 6 < z S I
< 7 (Stiavelli et al, c.f. Bunker et £ 10 10
al) 5 107 107
s
% 10 [0 Ly Nl bl R8O N 10
1 1
Need better probes of when and o1 o1
how reionizing proceeded ' '
1072 1072
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Low metallicity signatures —
Panagia etc

First Light signatures
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Hydrodynamic simulations of first star formation — single massive stars one per halo?

10,000 AU, Smmmmm——. O8RS Cm—— OPC LT———

Such single stars would be very hard to Abel et al 1999

First Light star-formation observe individually (AB ~ 40)



0.100F

e.g. Mackey, Bromm and Springel (2003):

Phase 1: H, cooling in haloes

Phase 2: H, dissociated but still required

for star-formation

Phase 3: Metal cooling — normal imf?

40

7/%s

10

_5||||||||I




redshi foopi fon Mgy Rate | Adjust
ft yrl ed
deg
Macke z>15 3x104 1 250 50 50
y et al
Heger z~20 106 1 250 120 0.3
et al
Cen z>13 104 0.2 100 620 43
5
Wise z~10 2500 0.2
& Abel
z~15 2x104 0.1 225 4
z~25 10° 0.1 225 0.2
001 gm0 L T T LI I R B B
E 3
C Mackey et al.
B N Somervilleetal. |
0.001 E ™~ ~ = Yoshida et al. E
- \ " Scannapieco etal . ]
P <\ T~ == Ricotti et al.
0.0001 F ~.
f 5
105 =
10-8 E
10—7 I 1 | | | ‘ | 1 | | | | | 1 | ‘ | lI.“ | | | | - ‘ | | 1|
10 15 20 25 30 35 40
Z

Pop Ill PISN supernovae

peak brightness in AB mag

23 :I 7T ‘ TTTT TTTT 71T TTTT | TTTT | TTTT ‘ rTTT | T TT I:
u ]
£ — — no extinction .
EN O with extinction .

24 = -
e -

26 - -l A

2’? E| 111 ‘ 1 111 ‘ 1111 | 1111 | I - | 1111 | 1111 ‘ I | | 111 IE
5 10 15 20 25 30 35 40 45

50

Observability of Pop Il PISNe (140-250 M)

dN/dz (deg™®)

0.1

0.01

1078

F T~ =107
<10
| ips
E L ol J ]
15 16 17 18 19 20 21 22 23 24 25

Z

dN/dz (NIRCam FOV™)

Exploring cosmic frontiers, Berlin May 2004



extinction

0.01

0.001

Assumed dust is
probably rather
high
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The dark ages...... LOFAR/SKA!

The dark ages Exploring cosmic frontiers, Berlin May 2004



We have a theoretical paradigm, but the predictions from
this are very uncertain due to baryonic physics, especially
star-formation.

We know where most of the energy emitted by objects is,
and can paint a broadly consistent picture of this out to z ~ 6.

Need much better astrophysical analysis of “known objects™
— certainly multi-band and multi-facility (Spitzer-JWST,
ALMA, ELT, SKA....) —in order to move beyond
“consistency”

The earliest phases z > 6 are highly uncertain, but probably
accessible to observation

Exploring cosmic frontiers, Berlin May 2004
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