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Structure Formation in the Universe:
Remaining Issues

1. The Dark Ages

- When and where did the first stars form ?
- What are the sources of reionization ?

- How was the IGM enriched with metals ?

- What role did dark matter play in the first

object formation ?




Structure Formation in the Universe:
Remaining Issues

2. Super-Massive Black Holes
- What seeded the formation of SMBHs ?

- How did BHs grow to become SMBHs ?

- Why is there almost always only one massive
BH at the center of a large galaxy ?

- How did they co-evolve with galaxies ?




Structure Formation in the Universe:
Remaining Issues

3. The Nature of Dark Matter
- What are the particle properties of DM ?

- Are there primordial black holes ?

- Did DM cause dynamical effects other than
gravity ? - annihilation, decay

- How is DM distributed in Milky Way ?




Structure Formation in the Universe:
Remaining Issues

4. Galaxies
- What shapes disks and ellipticals ?

- Why are thin disks stable ?
- Are ellipticals remnants of mergers ?
- How faint are the faintest galaxies ?

(- and what is a galaxy ?)




Structure Formation in the Universe:
Remaining Issues

5. Stars

- What shapes the initial mass function ?

- How are very massive stars formed ?

- Why aren’t there super-massive stars ?

- Is IMF universal across cosmic time ?

- What drives turbulence in molecular clouds ?

- How is star-formation regulated in galaxies ?




Structure Formation in the Universe:
Remaining Issues

6. Baryons
- Where are the baryons now ?

- Where are the baryons at high-z ?
- Why weren’t baryons all converted into stars ?

- Does the distribution trace that of dark matter ?




James Webb Space Telescope
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JWST science

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. Galaxios, Planets, olc

’ h
Fluctuations

184 Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Birth of stars and Planetary systs and the
proto-planetary systems origin of life




JWST Instruments

____instrument | _ Science Requirement _ Capabilicy

Wide field, deep imaging Two 2.2' x 2.2° SW

NIRCam »0.6 Um - 2.3 um (SW) Two 2.2’ x 2.2’ LW
Univ.Az/LMATC »2.4 Um - 5.0 um (LW) Coronagraph
‘ Multi-object spectroscopy 9.7 Sq arcmin Q + IFU + slits
NIRSpec 1 »0.6 Um - 5.0 um MSA: 100 selectable targets
ESA/Astrium R=100, 1000, 3000
Mid-infrared imaging 1.9’ x|.4’° with coronagraph
»5 Um - 27 Um
MIRI |
ESAJUKATC) Mid-infrared spectroscopy 3.7”x3.7” - 7.1"x7.7” IFU
»4.9 Um - 28.8 Um R=3000 - 2250
Fine Guidance Sensor Two 2.3’ x 2.3’
FGS/TFI 0.8 ym - 5.0 um
CSA Tunable Filter Imager 22’ x2.2
»[.6 Um - 4.9 Um R=100 with coronagraph

Slides from J. Mather, Austin meeting




Detectabllity

Redshift AB Fv Lyman Break
z mag. (ndy) wavelength
10 30.3 2.8 1.34 um
15 30.9 1.6 1.95 um
20 313 1.1 2.55 um
: Pri :
Observation Insrtlr?;rze!nt Depth, Mode Target Density
Ultra-deep survey (UDS) NIRCam 1.4nJy @2 um 10 arcmin?
NIRSpec 23 nJy, R=100 .
In depth source study MIRI 23ndy @56 um Galaxies in UDS area
Lyman « forest diagnostics NIRSpec 2x10"° erg cm?s-"-R~1000 | Bright z>7 QSO or galaxy
4 arcmin? (containing
. 19 261 R~
Survey for Lyman o sources FGS-TF 2x10-1° erg cm2s, R~100 known high-z object)
Transition in Ly ot/Balmer NIRSpec 2x10-"° erg cm%s-', R~1000 | UDS or wider survey area
Measure ionizing continuum NIRSpec  [2x10-'% erg cm2s!, R~1000 | UDS or wider survey area
L NIRSPec  [2x10-"® erg cm?s!, R~1000 .
lonization source nature MIRI 23 ndy@5.6 um UDS or wider survey area
Luminosity Function of dwarf galaxies NIRCam 14nly @ 2 um UDS data




Comparison with HST

WFC3 /IR
1014x1014
0.13"/pix
123"x137"
ACS /WFC
2x2048x4096 NIRCam 2 x 45 2048 x 2048
w am2x4x X
2?6%5" /2 1(3’1; 0.034”/pix
X 139” x 139~

Instrument | A Q (sq arcsec; HST A=1)

WFC3/IR | 16851

ACS WF2 | 40804

Hubble primary
mirror

NIRCam 34848 * 7.3 = 282,000




Comparison with HST

HST/ACS JWST/NIRCam
Viz N
HST/NICMOS JWST/NIRCam
JH
JH

Massimo Stiavelli




Even JWST cannot...
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Sometimes the object or effect was predicted earlier, but
considered too faint or difficult to be seen. This was the
case with both neutron stars and black holes which are so
tiny that it seemed reasonable to assume that they would be
unobservable. What was required was for the emission to be
stimulated (as in a laser) for the pulsar or highly beamed by
relativistic outflow for the GRB. Any scientific paper
written predicting their observational detection well before
they were discovered would rightly have been rejected!

A. C. Fabian, “Serendipity in Astronomy”
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Thirty Meter Telescope




Instruments

Instrument Spec.Res. Science C
Near-IR DL Spectrometer @ Assembly of galaxies at large redst
& Imager <4000 @ Black holes/AGN/Galactic Center
(IRIS) @ Resolved stellar populations in crowded fields
Wide-field Optical @ IGM structure and composition 2<z<6
Spectrometer 300 - 5000 | @ High-quality spectra of z>1.5 galaxies suitable for measuring
(MOBIE) stellar pops, chemistry, energetics
Multi-slit near-DL near-IR L ) . )
Spectrometer 2000 - 10000 ® Near-IR spectroscopic diagnostics of the faintest objects
L
(I RM S) JWST followup
Mid-IR Echelle 5000 @ Physical structure and kinematics of protostellar envelopes
Spectrometer & Imager 100000 @ Physical diagnostics of circumstellar/protoplanetary disks: where
(MIRES) and when planets form during the accretion phase
ExAQ | 50 - 300 @ Direct detection and spectroscopic characterization of extra-solar
(PFI) planets
High Resolution Optical 30000 @ Stellar abundance studies throughout the Local Group
Spectrograph 50000 @ |SM abundances/kinematics, IGM characterization to z~6
(HROS) @ Extra-solar planets!
MCAQO imager 5 - 100 @ Galactic center astrometry
(WIRC) @ Stellar populations to 10Mpc
® Precision radial velocities of M-stars and detection of low-mass
Near-IR, DL Echelle 5000 - 30000 | planets

(NIRES)

@ |GM characterizations for z>5.5
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y 1h1rty Meter Telescope‘(T.rﬂ,) Resolutlon
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TMT D RE

10 mas @ 5 AU 36 km
5pc 0.05 AU
100 pc 1 AU
1 kpc 10 AU
8.5 kpc 85 AU
1 Mpc 0.05 pc
20 Mpc 1 pc
2=0.5 0.07 kpc
z=1.0 0.09 kpc
2=2.5 0.09 kpc
2=5.0 0.07 kpc

Jovian’s and moons

Nearby stars - companions
Nearest star forming regions
Typical Galactic Objects
Galactic Center or Bulge
Nearest galaxies

Virgo Cluster

galaxies at solar formation epoch
disk evolution, drop in SFR
QSO epoch, Ha in K band

protogalaxies, QSOs, reionization

£ 1.2: HERD S OKBEEHEIZ BT 5. 10 mas ISR 5 FEERRE




Lyman-a from Poplll clusters
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IGM enrichment

Time since the Big Bang (Gyr)
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Metal lines@high-z

OI [ 70 8.6 11.6 15.8
MgII| 27 3.5 4.9 6.8
CIV | 57 7l 9.6 13.1

vy

A (um)

| by G. Becker




Ol "forest”

Ol and HI (close IP) are in charge
exchange equilibrium.

Ol fluctuation probes a combination
of reionization topology and

metal enrichment.

TMT z47 O 1
L q (if there st BackgroUAE QSO e

............................

by G. Becke
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iERIE+HEFEL

GAIA + TMT

GAIA(Z
15FFXTOE260051E
18F X C2EMEAMULE
KEHZRMS > 10kpc

lkpc: mv=]
2kpc: mv=]

[Fe/H]

10m 7 35 RE&73IE(R~6000)IC

4.8 requires ~ 2 hours
6.3 requires ~9 hours

Skpc: mv=

8.3 requires ~>50 hours
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EARA LT 1A ZAEAE

HST image
a
b 0.5"
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Spectrum and HST images of 1255-0 at z= 2.186.
van Dokkum et al. Nature 460, 717-719 (2009)

K=19.26 (Vega)
M*=2x10""M

-> 2hrs exposure with TMT !




EHLYAX+AO TS

TMT(AO), no lensing
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EENMDT Sy IR—=ILDT 2T
VILNERIE r=2GM / 2

\"'l'l‘.[\

1 KBBEEE5 r~3 km

1ERBEETH r<< 1 pc

729 IIR—ILDENICLEZEDNRIDIF
r 8+ = GM/0? = 10.8 pc (M/108) (5/200 km/sec)
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TMT D RE

10 mas @ 5 AU 36 km
5pc 0.05 AU
100 pc 1 AU
1 kpc 10 AU
8.5 kpc 85 AU
1 Mpc 0.05 pc
20 Mpc 1 pc
2=0.5 0.07 kpc
z=1.0 0.09 kpc
2=2.5 0.09 kpc
2=5.0 0.07 kpc

Jovian’s and moons

Nearby stars - companions
Nearest star forming regions
Typical Galactic Objects
Galactic Center or Bulge
Nearest galaxies

Virgo Cluster

galaxies at solar formation epoch
disk evolution, drop in SFR
QSO epoch, Ha in K band

protogalaxies, QSOs, reionization
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0.2

velocity shift over At,=10 years

l[l IIIIIIIIIIIII

" Soe, —

xé‘ll.,‘_fco be detected!

v=CcAz/(1+z,)

Az>(0 for 0<z<3

0,=0.74+0.04
Q =1- Q,
h=0.71

TERE




Lya forest as a target (Loeb)

10 yrs — 0.1 m/s
100 yrs = 1 m/s
< 1km/s pixel width in Keck HIRES (10-3 signal)

If Lya forest flux varies 10% — 10 signal
With S/N=100, need (100 X 10-4)2=10% pixels
With 100 quasars, we can detect the signal over 10 yrs

(The same technique used to detect planet by Doppler shift
of absorption lines)

TEHE
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Liske et al. 2009
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Webb et al 2009 I\/Iurphy et al 2009

~25 obsorbers
per bin
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International X-ray Observatory
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ALMA line sensitivy
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[CIll] emission from high-z

SDSS JH48@Z 642

— i a3 i T ML I B T
i Continlein emission I_ [CII] emission I Red— and blue—shifted [CII]
>1.0" Q T _
051 O B a
: o i
0.0 0 - o
. - 2 i -
19.5"|- €. -
CO(3—2) ' 1{ ]
b e e, e (N e e U e, e e |, s ey

m s s s
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Right Ascension (J2000)

SFR 2000Msun/yr, Lrr > 1013 Lsun
158 microns x (z~6-10) => ALMA band 5




Square Kilometer Array

AIEAFE S DHEKSE
21 cmERZEEIE T




Radio Telescope Sensitivity
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SKA science

. Cradle of life
. Probing the dark ages

. Galaxy evolution, cosmology and
dark energy

. The origin of cosmic magnetism

. Extreme tests of gravity




LSS traced by galaxies




LSS traced by gas
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Hl power spectrum
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Australia ?
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(Briggs 2005)




Probing the dark ages from
the dark side of the Moon

C. Carilli (NRAO), Sackler Cosmology
Conf, Cambridge, MA, 2008




