


The K
ey Problem


W

e know
 the intergalactic m

edium
 of the U

niverse 
reionizes at z>6 (probably around z=10-11)


W

hat is the source of the U
V

 photons to do this?


A
G

N
 are under-abundant at these high redshifts


C

an star form
ation do it? O

r is it som
ething else?


H

ave been successful in recent years in finding star-
form

ing galaxies at z=6 and beyond


Insufficient photon density from
 the high redshift 

lum
inous galaxies w

e have found so far


Is it the unobserved faint end of the lum
inosity function? 



X   recent z=8.3 GRB

 C
C

D
s         H

ST   K
eck Subaru 



C
urrent narrow

-band  record now
 

z=7.215
Shibuya
et al.
2012



"Lym
an break technique" - sharp drop in flux at λ 

below
 Ly-α. Steidel et al. have >1000 z~3 objects, 

"drop" in U
-band.
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"Lym
an break 

technique" - sharp 
drop in flux at λ 

below
 Ly-α. 

Steidel et al. have 
>1000 z~3 objects, 
"drop" in U

-band.

Pushing to higher 
redshift- Finding 

Lym
an break 

galaxies at z~6 : 
using i-drops.



U
sing H

ST/A
C

S G
O

O
D

S data - C
D

FS & 
H

D
FN

, 5 epochs B
,v,i',z'

Stanw
ay, B

unker &
 M

cM
ahon (2003)

B
unker et al. (2003) M

N
R

A
S
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Provides both a UVIS and NIR 
channel covering 0.2-1.7μm

W
ide Field C

am
era 3: 

W
FC

3
W

FC
3 w

as installed on HST as part 
of Servicing M

ission 4.
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IN
ITIA

L EX
C

ITEM
EN

T - 100 orbits of H
ST w

ith
W

FC
3 in 3 near-IR

 filters on H
ubble U

ltra D
eep Field.

G
alaxies at z=7-9! D

ata first taken in  A
ugust-Sept. 2009

4 papers im
m

ediately (B
ouw

ens et al., B
unker et al.,

M
cLure et al., O

esch et al.) and >10 m
ore since. Large H

ST surveys
Illingw

orth U
D

F ; W
FC

3 ER
S team

 – O
’C

onnell ; C
A

N
D

ELS; H
U

D
F12



C
oncern about C

ontam
ination by foreground objects 



T T 
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島
E
骨
台

g
N
I

5.5 

同
J

。
low-redshift galaxies 
(instantaneous burst at z=20} 

。 2 3 



distribution of 
distribution of 

C
andidates at 

z=4-9

W
hat C

an w
e Learn about High-redshift G

alaxies:
observed UV Lum

inosity Function ➟
 intrinsic UV Lum

inosity 
function



Looking at the U
D

F (going 10x deeper, z'=26→
28.5 m

ag)

B
unker, Stanw

ay, E
llis & 

M
cM

ahon 2004 M
N

R
A

S



Is the U
niverse at z>~6 really form

ing 
few

er stars than at z~3?
-W

e only probe bright end of lum
inosity function: 

~1L*(U
V

) at z~3, equivalent to 15M
_sun/yr

- W
e try to m

ake a fair com
parison: im

pose exactly sam
e 

selection at low
er redshifts

- It seem
s clear that the U

niverse at z~6 w
as very different 

from
 z~3: if no evolution, w

ould predict 6x as m
any bright 

star form
ing galaxies at z~6 than w

e see!
- O

ther groups m
ake a correction for the faint galaxies they 

don't see. D
epends crucially on the faint end slope

of the lum
inosity function (α~-1.1 locally, α=-1.6@

z~3)
- N

eed H
ubble U

ltra D
eep Field to address total star 

form
ation, but w

e had proved strong evolution.



Earth 
formed 



A
fter era probed 

by W
M

A
P the 

U
niverse enters 

the so-called 
“dark ages” prior 
to form

ation of 
first stars

 H
ydrogen is then 

re-ionized by the 
new

ly-form
ed  

stars

 W
hen did this 

happen?

 W
hat did it?

D
A

R
K

 A
G

E
S

R
edshift z

5 10

110020



R
eionization

A
t high redshift, the 

Lym
an-α forest can absorb 

m
ost of the flux below

 
λ

rest =1216Å
. Indications 

from
 z>6.3 SD

SS Q
SO

s 
that U

niverse m
any be 

optically thick (Fan et al. 
2001; B

ecker et al. 2001). 
B

U
T confusing m

essages 
from

 W
M

A
P and Planck 

C
M

B
 - reionization at 

z~11.4? (D
unkley et al. 

2010; Planck collab. 2013).



Im
plications for R

eionization 

From
 M

adau, H
aardt &

 R
ees (1999) -am

ount
of star form

ation required to ionize U
niverse

(C
30  is a clum

ping factor; early w
ork adopted C

=30, but m
ight be as

low
 as C

=5 w
ith re-heating - Paw

lik, Schaye &
 van Scherpenzeel 2009).

This assum
es escape fraction=1 (i.e. all ionzing photons m

ake it out of 
the galaxies). O

bservationally, this is only a few
 percent locally, and 

essentially unconstrained at high-z (w
ith som

e claim
ed lim

its of fesc  ~0.1)
O

ur H
U

D
F data has star form

ation at z=6 w
hich is 3x  less than that 

required! A
G

N
 cannot do the job.

Even w
ith revised clum

ping factor, still need fesc >0.5
(see also Stiavelli, Fall &

 P
anagia 2005)

W
e go dow

n to 1M
_sun/yr - but m

ight be steep  α (lots of low
 lum

inosity 
sources - form

ing globular clusters?)



(w
hich can ionize hydrogen), but have to infer these from 

brightness at >1216A
ng (not absorbed by Ly-alpha forest)

Indications are at z~3 that escape fraction is very sm
all

(Vanzella et al. 2012, N
estor et al. 2011, Siana et al. 2007, 

Shapley et al. 2006, Iw
ata et al. 2008)



What Can we Learn about High-redshift 
Galaxies: 
observed UV Luminosity Function 

The accurate determination of the 
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A
n increasing problem

 for reionization: requires steep faint-end slope 
(α<-1.7), large contribution from

 unobserved faint galaxies, high 
escape fraction (fesc >0.5) and very sm

ooth IG
M

 (low
 clum

ping, C
~5)

W
ilkins et al.

(2010) M
N

R
A

S
The Lum

inosity
Function at z~7



Evolution of lum
inosity function

(note M
* is correlated w

ith φ*)

W
ilkins et al. (2011)

φ*
z=3

z=7



Evolution of the restfram
e U

V
 lum

inosity function
From

 B
ouw

ens et al. (2011)



W
ilkins et al. (2010)



Evolution of the restfram
e U

V
 faint end slope

From
 B

ouw
ens et al. (2011)



The Im
portance of D

w
arf G

alaxies?
Even w

ith H
U

D
F only get to M

(U
V

)=-18.5 (A
B 

m
ag), or ~1M

_sun/year star form
ation rate

C
ertainly insufficient U

V
 photon density from

 these 
U

V-lum
inous galaxies @

z>6 for reionization
Evidence for a steeper faint end slope at high-z
A

t low
-z, m

ost of the photon budget com
es from 

galaxies around L* if α~-1. N
B

: U
V

 not stellar m
ass

If α<-2 you get infinite lum
inosity (integrating to 

L=0); w
hat should low

er integral lim
it be?

M
U

V =-10? O
r lum

inosity of a single O
B

 star (-5)?
W

hat is local LF of dw
arf galaxies in the rest-U

V
?





W
ays out of the Puzzle 

- C
osm

ic variance
- Star form

ation at even earlier epochs to reionize 
U

niverse (z>>6)?
- C

hange the physics: different recipe for star 
form

ation (Initial m
ass function)?

- Even fainter galaxies than w
e can reach w

ith the 
U

D
F?



B
lue R

est-U
V

 C
olours at z~6

(Stanw
ay et al. 2005)

...extrem
ely 

young 
starburst... or a 
top heavy IM

F 
and little dust



U
V

 Spectral Slopes at z>6 : fλ ∝
λ

-β

Stanw
ay, M

cM
ahon &

 B
unker (2005) - found very blue 

colours for i-drops in N
IC

M
O

S U
D

F
A

lso now
 seen in z-drops w

ith W
FC

3 (B
ouw

ens et al. 
2011, D

unlop et al. 2011, W
ilkins et al. 2011)

A
t z=3 β

15




From

 W
ilkins et al. 

(2011) M
N

R
A

S


W

eak dependence of 
beta evolution on 
lum

inosity


C

areful on filters - the 
Lym

an-alpha break w
ill 

redden intrinsic colours


Strong evidence of bluer 
spectral slopes at high z



Spitzer – IR
A

C
 (3.6-8.0 m

icrons)



- z=5.83 galaxy 
#1 from 
Stanw

ay, B
unker 

&
 M

cM
ahon 

2003 (spec conf 
from

 Stanw
ay et 

al. 2004, 
D

ickinson et al. 
2004). D

etected 
in G

O
O

D
S 

IR
A

C
 3-4µm

: 
Eyles, B

unker, 
Stanw

ay et al ‘04



E
yles et al. 

(2005, 2007) 
M

N
R

A
S

E
m

ission line 
contam

ination 
from

 H
-

alpha/H
-beta/

[O
III] m

ight 
affect the 
derived ages 
and m

asses



O
ther Population Synthesis M

odels

M
araston vs. B

ruzual &
 C

harlot - consistent

B
&

C
 τ=500M

yr, 0.7G
yr, 

2.4x10
10M

sun
M

araston τ=500M
yr, 

0.6G
yr, 1.9x10

10M
sun
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30M
yr const SFR 

w
ith E(B

-V
)=0.1

N
o reddening

0.2solar m
etallicity



What Can we Learn about High-redshift Galaxies: 
｜崎 starformation rate density 11崎 cosmicstar formation history 
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G
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The Star Form
ation 

H
istory of the U

nivese
B

unker, Stanw
ay,         z=5.8

Ellis, M
cM

ahon                
&

 M
cC

arthy (2003)
K

eck/D
EIM

O
S

spectral follow
-up

&
 confirm

ation                 

I-drops in the C
handra D

eep 
Field South w

ith H
ST/A

C
S

Elizabeth Stanw
ay, A

ndrew 
B

unker, R
ichard M

cM
ahon 

2003 (M
N

R
A

S)



                                   Stanw
ay et al. (2004)

                             B
unker et al. (2012), z~6

                                      Shapley et al. (2003) z~3
                                      Ly-alpha equivalent w

idths



Ly-alpha fraction (Stark et al. 2010)



N
ow

 pushing 
spectroscopy to z~7-8; 

m
ostly upper lim

its 

C
aruana et al. (2012)



B
rightest H

U
D

F Y-drop
Found in Sept 2009:
Y

D
3 in B

unker et al
U

D
Fy-31835539 in

B
ouw

ens et al.;
#1721 in M

cLure et al.

In late 2009, N
ature paper

Lehnert et al. claim
ing

spectroscopic confirm
ation

of Ly-alpha at z=8.55
w

ith SIN
FO

N
I-IFU

 on V
LT



N
o evidence of Ly-alpha at z=8.55 in 5-hour V

LT/X
SH

O
O

TER
A

nd 11-hour Subaru/M
O

IR
C

S spectrum
.

A
lso, the deep H

ST/W
FC

3 Y-band encom
passes Ly-alpha, should be 

detected at ~4sigm
a but is undetected

B
unker et al. (2013, M

N
R

A
S 430, 3314)



Future Prospects – Subaru H
SC

+PFS
Find the brighter but rarer Lym

an break galaxies at z>6 
w

hich are am
enable to continuum

 spectroscopy



Extrem
ely Large Telescopes

E-ELT, TM
T etc have excellent spatial resolution w

ith 
A

O
 (better than H

ST), and w
orking betw

een the 
night sky lines in the near-IR

 the sky is dark for 
spectroscopy



JA
M

ES W
EB

B
 SPA

C
E TELESC

O
PE 

JA
M

ES W
EB

B
 SPA

C
E TELESC

O
PE 

– successor to H
ubble (2013+)

– successor to H
ubble (2013+)
2018



G
oddard Space Flight C

entre
N

orthrop G
rum

m
an

O
perations:ST

ScI
Project Scientist: John M

ather





ESA
 C

ontributions to JW
ST

• N
IR

Spec
•

ESA Provided
•

D
etector & M

EM
S Arrays from 

N
ASA

• M
IR

I O
ptics M

odule
•

ESA M
em

ber State C
onsortium

•
D

etector & C
ooler/C

ryostat from 
N

ASA

• Ariane V Launcher (EC
A)



N
IRSpec IST



JW
ST 

C
lam

pin/G
SFC

 

N
IR
Spec



Stellar Populations at the H
ighest 

R
edshifts: C

onclusions


 Very blue rest-U
V

 spectral slopes at z>4 (getting m
ore 

blue at z=6-7, correcting for selection biases)


 W
ith beta<-2.0, little or no dust A

N
D

 potentially v young 
stellar populations, low

 m
etallicity (top-heavy IM

F?)


 B
lue colours supported by Spitzer IR

A
C

 photom
etry


Spectroscopy at z=5-6.5 im

plies a higher fraction of 
Lym

an-alpha w
ith high EW

, consistent w
ith steep blue U

V 
slope (top-heavy IM

F?)


A
t z>7 less Ly-alpha em

ission probably due to neutral IG
M



JW
ST A

rchitecture

O
ptical Telescope 

Elem
ent (O

T
E)

Integrated Science Instrum
ent 

M
odule (ISIM

) Elem
ent

Spacecraft Bus  

Sunshield

Sun



W
ho W

as Jam
es W

ebb?

Jam
es E. W

ebb 
Second N

A
SA 

adm
inistrator, during 

A
pollo

Edw
in H

ubble



0

O
rbit~1,500,000 km 

~374,000 km

 

Trajectory 
correction 

m
aneuver 1

 
L + 15 hrs

 

Trajectory 
correction 

m
aneuver 2

 
(if required)

 
L + 25 days

 

L2
orbit 

achieved  
L + 109 days 

Launch 

Telescope 
deploym

ent 
L + 4 days 

O
bservatory  

first light (ISIM
 at safe 

operating tem
p)  

L + 59 days  

Initiate ISIM
 

testing and 
certification

 

L + 113 days
 

Sunshield
 

 deploym
ent

 
L + 2 days

 

O
bservatory 

available for 
ISIM

 activities
 

L + 70 days
 

L
2

M
ain E

ngine
Start 1
264 sec

M
ain E

ngine
C

ut-O
ff 1

785 sec

M
ain E

ngine
Start 2
1694 secM

ain E
ngine

C
ut-O

ff 2
2084 sec

JW
ST

separation
39 m

in



Sky "glow
" in the near-IR

Sky "glow
" in the near-IR



⑤ Sky Background 
JWST should be zodi-limited atλ ＜ 10 μm 

Background levels will include contribution from 
stray light 

NIR stray light is controlled by baffling and 
contamination control of optical surfaces e.g. 
Mirrors, baffles, sunshield, struts 

【



D
etector A

rray
•

2K


4K FPA com
prised of tw

o 2K


2K
sensor chip assem

blies (SC
As)

•
λ=0.6–5.0 µm

 H
gC

dTe detectors (R
ockw

ell)
•

FPA passively cooled to T=34–37 K
•

Key Perform
ance Param

eters:
• Total noise =6 electrons rm

s per t=1000 seconds 
exposure)

• Q
E = >80%

•
N

IR
Spec is detector background lim

ited in nearly all m
odes 

(!) 
•

N
on-stop (“up the ram

p”) read and telem
etry

• 12 s fram
e tim

e, 1 fram
e dow

nlink each 50 s




