& A 2
ol 1y .
‘N w . g . . v
- des . e
-~ .

. »
>t . - - ; -
e . . o i Pt S
R ; Ry o
& » $ » g o . .
. e - ; o 105 = ;
> ' . . . - . .
> % - '-’ -
Rk S .« & M . ’ g pe . R

-

THE EARLY UNlVERSE l‘ . .

-v e L5
. ..‘ " s .'-o “
: ? ¢ :

o CAROLIN CRAWFORD
' -~ GRESHAM PROFESSOR OF ASTRONOMY

. \N’s‘A/EsA'/'Hubblé'



ESA/Planck



v .

= S

- NASA/ESA/Hubble



/



NASA/ESA/Hubble



RECOMBINATION

protons and
electrons...

Roen Kelly



ESA/Planck



[llustris Simulation



RECOMBINATION

...combine
protons and to form
electrons... neutral

atoms

Roen Kelly









-
'
.
.
s
'0
)
.
. -
-
“ ? . »
. -
~¢- ]
»
L
o~
’

M Alvarez, R Kaehler & T Abel



DARK AGES REIONISATION

& 3

o W . R S »
L S, o
e o e . P
- ) '\ » » :
\c@ds« e
/.ofmuﬂal »

hydrogen: _ *
- %

b A
' - X &na ¥
QRONSI = = a DARK AGES

...combine ....which
protons and to form are then
electrons... neutral ionised

atoms again

Roen Kelly



3
—_—
.
B ‘ a
- ’ .' .
» «
T
L
- .
TR / i
~
. . N

i .
NASA/ESA/Reiss & Rodney’






3
—_—
.
B ‘ a
- ’ .' .
» «
T
L
- .
TR / i
~
. . N

i .
NASA/ESA/Reiss & Rodney’



MOr

S b||| 9 bi“ione than
3 Billig, o1 to Years
years

NASA/ESA/Levay & Summers



Age of Universe (Billions of Years)
106 3 2 1 0.6 0.4 0.3 0.2

1 I 1 1 1 I 1 I I

0 2 4 6 8 10 12 14 18 18 20
Redshift

0.6
Fractional age of

the Universe
0.4

N oo o o o e o e e e e e o e - — - -

Redshift (z



NASA/ESA/Hubble



NASA/ESA/Hubble



o R HDF

* ]
Y B i .
i’ o e . # : .( ¥
-~ I- o \ .’
i e KL 2 g
v S
. i » A
.- " > i
» ‘
... 3 ’ 7
' e . ¢ ; { :
; ] : ; . ¥ :
> # - e i :
- r 3 o ‘I
* : ‘
- . % S &) X i
~ I
2 : ” ” 4
Polag’ LA .K .
pe < w B3 5 £ ;
. e s
. - »
’ L
"

% % :A 5 v e 5
g - 0. % § ‘
(i P N
2 w i - . . 51 W ‘ '
: x i . ” o :
- - i ) % 4 : 4 ‘ i
‘ . A v. ‘ f : :
‘ . | ‘. 3 : T . 3
‘ - . t - . Y . : ) i £
03 s . - ' - * £ 2 ,
't \.c'

- - - i 7
) o Wy, ' '
. - ;
- . a
-6.‘, » L@ .
- F i} -
04 . ’ ; .
- > g y . X
: 5 5 - . !
: o L 49 . b %
> .
’

,‘,'_ -\" - : 3 . e
ey ; L4 : ! e




-y

-
T .
7

%

HDEF-S



-

.

ol gt
i (R

-
s
-
-
‘
.

.
i
e A5

y .
-
, ;
&
-
;
) Y
L
\
L
.5

-
il SN
4
P
. .
.
-

-

& ‘ S5 s
Ll
. "
% N LR
\ e
.
> - 59 - i e
A .
2 s
2 N + : & i
“ : l
i bl % 3
o 2t o ‘
w. : '
¢ o e ‘ ;
.
. ) . .
S ) ¢ ‘
-~ N /
\'l -~ e A X
e ; ;
& . i %
: i o A I
¢ " .
. . SRl I
*

5 : ‘. . i
ES i * 2 >
A o - ' 3
» 5 o
4 .
% / \ L 3
’
i -~
S ‘ :
: I
; 5 : 7‘ . :
s ‘ >
b - ~
~ -
~ 0, o .
¢ N P > &
2 S L ' 7 3
.y
L -
4 e ;
- ‘ - b ‘ /
o -
VB : e
i 8 .
j \/ . Y 4
‘ & : ' 2 :
-



- A 3
s . /‘ : :
I‘j .‘.' ' L4 »
. » . - . * e \ & 9 -
v X ¥ [
o - ‘ é /- -.‘. ‘,"
‘ . . )/
- e 3 -
* L) - -
4 > . ® ~
- b . "
3 : " v . N
- ; ; - - . % »
; - . @ . - ’ -
- . : : :
: - -
'. e 7 ’ . g . ‘.. '.'s
: ’ ; :
- » v ‘ .
- ‘ : \‘. | % \ '
% . p . ¥
g -

NASA/ESA/Beckwith et al



s
TNDA
s ® 3 ¥
.. W
- ‘\/
7 & L 1 -
..

-
'
4]
. - .
.. i
.
& B o
S - “
\
» 3
o - =
R ..,
ol ’
2 VI
> .
-
> &
A
\

B

10

11

13

14

15

16

A B s e Lot o v
A ’ . .- 4TRSS e ; . .\"19q b £ S '
/‘ ‘» ’ . & "‘ _"' . " 4’ L 4 . J_-- o '*t - . ; ;.

BTl i A i S 17 18 19 20

= E w: : 1:”3‘.. » P i ‘

. @23 i i e et
e L Z SRR e 21 22 23 24
'r'- 0.‘- v Vo * I 9e ., 23 by
e . : ® - . B A
s PR 026 il ORI 3
~. B "' " s T .'. S ¥ L

7 K < ; - 4 "\ :
: : : ‘( w jo T ~ 25 26 27 28
g v .* 3 s 3 '

A o o - .7[-:] = N .

SR oh R L iy oy ,




-

NASA/ESA/Bouwens & lllingworth



T " e . -
. . i
'

} & ‘.r \
g - .
’ ’ .
Modern :
univlerse A ’ HPF H/lAIDF
13.7 1.0 047204

Age of the universe (billions of years)



-
n.‘
e
'
”~
-
)
A

- - . B T s “ ‘ -
e meleh L o st NASATESA/lllingwionth et al



‘0.‘. ..v' 7 L \ ,"u
JagTa g . ol .. . . . A
" 'NASA/ESA/Teplitz et al




¥
»
. .
v o :
. / 3 e
¥ ;
™y £ :
S 2
5 o b
ot =
R E . ; -
\ 2 >
: i 3
L]
- -
i
- ; - Ko
: BT
-
: £ s 3
\ .
s e

.

Visible
. HSTACSNVFC

s\

Infrared
HST NICMOS

»

Infrared
SSTIRAC

8
e 3
i
. A
®

NASA/ESA/B Mobasher




3 .
.
g .
» -
-
-
.
.
.
.
.
.
A )
»
.
.
.
.

NASA/ESA/Hubble



O | | () ] | 1

|

LR

|

—

2000

4000 6000
wavelength (A




Elliptical Galoxy o

|

”

2 NO0 ~ N
\ ) fCM )
© . I-J - F [_' -

Wovelen (;'.l". ['l(‘,;l

Elliptical Galaxy ot 2=0.0

et aTeTe e TaTlale
oUuUyY JON)O)
IO Wi

Wovelength [Ang] Padmanabhan 2007




o

NASA/ESA/Hubble



=
E
=l
9 |-
E
z
E
8
25 |-
—
-
p —
-
o
2
?
-
p—
1.5 -
E
j
b
E
f =
:
5
B
p—
05 |-
e
i
E
B

O L 1 1 l 1 ) | ) 1 l 1 1 1 L l 1 L 1 1 l 1 | ) | ) l 1 1 | 1 l 1 1 L 1 l L

4000 4500 5000 55600 6000 6500 7000

Kennicutt 1992




’ s .
/ . b
; — ; *® '
’ -
-
. ’ - 2
" N - 5
\ ’ »
. 7 = 2 ks
-
. » .
o
-9 « * .9
] “ i,
L
y o
»” »
-
.
K3
-
i L
-“ » -
B 2 o \
I‘.
. \
4 .
s a“

Filvi, Finkelstein, Papovich, Kégkehoe'r. .et‘ ]



. . . ¥ .
',
S .
L = y
A
‘. -
. A % y )
- o -
s . .. . .
3 g 1
=

-

-

y
.
a
- -
-
’ .
-
.
.
’
3 .
.
- - > .
5

: . . X % o

g - 3 , < N

¢ .

: | ' El'ilvi; Finkelstein, Pap_ovich 'et'gl'.



ek (Caelum Observa

! e A P
A T
; : : .' . .
: tlng e .
. :
AR b L
' . e
’ s :
. : ; > L ) . e
; 3 . ¢ ®
i : o . % y
L i o ' e
by . v . p A :
3 .
LR . .
‘e . . " 2
.l .. i ; . -' 'A .

t

ory) & T Puckett

-

i

.



CIY AlB49
‘ Hall A1840

J

0 A A A i
4000 4500 5000 5500 6000 6500
Observed Wavelength .




ittt W

4900 4950 5000

Wavelength (Angstrom)




Subaru Telescope/NAQO)



ESO/M Hayes
. 4 -



Model galaxy at z=70
Unattenuated

Attenuated
Spectrum

600 800 1000 1200 1400 1600
Wavelength (nm)




Model galaxy at z=3.0

NIl uewd pajyspad

B450

U300

1.5

XNn[J aarje[ad

uolssiuisue.d)

4000

2000



Filters

Z~f 4

Z~6.8

Z~6.8

z~6.8

Rychard Bouwens



_Source *

.

Observer .
.

'

.. NASA/ESA/Levay



S B -~ ANASA/ESA/Zitrin et al




‘@ Y . < " ..- e s .
i o ans . 3l TR
WL e ey S W NASA/ESA/Zitrin et al

o & il .



o
- . .‘ ; :
MACSOegzeDI | g P e,
- ’ . o ;
- . . - P
3 L5
. -
. 8 . . . :
- -~ . . '
od ® ’ - ' .
. -
.. . 4
. . NASA/ESA/Postman, & Coe’et al
- Ao e




: ST
‘.
.
‘"-w
” .
- “ .

NASA/ESA/Beckwith et al



! , F -~
-‘: { o ~
-
\ 4 . 23
\ | \

NASA/ESA/Straughn et al




DARK AGES REIONISATION

("

. & ;

reny \
~ microwave ' - v = \
~background 2 . g s 3

b
s

\

‘Fn‘st pR

) D,A'RK.:AGES“ = ot # “?6%:201\';'1 4 13.’;’7)7;7;:::;5‘95
e 5., —m ~ |
~ 1 million . . uOmHhOr) 100 million A 8 bllhon li_lon'
" yea:s\ years yearsg\ 4 ?’»’-
of '§ 4
‘ ‘ ’ “ -9 -
v . .
S
'.i. ‘:i s .
e N ’ s y
..combine ....which
protons and to form are then
electrons... neutral ionised
atoms again

Roen Kelly



A

B e - Background &+ .
Do quasar P

e R e '
’ : .
0. i g . ‘\ " g ) .
. i 16 ‘ = .

A In,t%‘ggplng : . i

ESO



v ¥

e ’ galaxy .
Ul s N -Background
oAl nam i | ' quasar a
To Earth, 4 '

: Intervening - : ‘ )

- gas . 2 g i >
1 Hydrogen emission
/ from quasar

Hydrogen
absorption

~—

R

Ui

4000 2000

Observed Wavelength

ESO



T

© e




A*AL 0 e I L B L g
80 — ﬂ ]

e - 3C 273 z=0.158 § ]
et (51 [
< . £ .
—t |] i *WHﬂ.-l"“"""- SA Y, e '
, , . ""T'"-‘*
A ! | ||1 | nl' r Ilw I
| ]
() | | l | [ 1 [ 1 l [ 1 | | | | | [ 1 | L 1 I
1000 1050 1100 1150 1 200 | 250 1 300 1350
Emitted wavelength , A
100 —| T | T T T T T T T T T T T T | Y E— | T | T T
80 '- —
> - Q1422+2309 z=3.62 '. .
e 60 — | e
= . ' \ ]
wh‘ - |
0 I ‘mmmmm | L1 L1 | | 1 I
1000 1050 1100 1150 | 200 1250 1300 1350

Emitted wavelength , A

Ned Wright



Intensity

Fe ll

Sill

T R NSRRI T LT

800 ~ 1000 1200 —1400 —1600 1800
Wavelength/A A Pontzen (UCL)



Intensity

Fe ll

Sill

T R NSRRI T LT

800 ~ 1000 1200 —1400 —1600 1800
Wavelength/A A Pontzen (UCL)



-

ma ol

w | : | .
1190 1200

200
| | !
m — 1.0
2 | . | . ¥ ¥ 0.0
1210 1220 1230 1240

Pettini et al 2008




\ : \ /
-

%

-Background -
quasar

ToEarth, ,

-

In_tervening ;
gas .

' Hydrogen emission

Hydrogen
absorption

-~

(T

Ui

4000 2000
Observed Wavelength

/ from quasar

‘Metal’ absorption lines

HV%}\

ESO



3
—_—
.
B ‘ a
- ’ .' .
» «
T
L
- .
TR / i
~
. . N

i .
NASA/ESA/Reiss & Rodney’



: - 4 NASA/ESA/Riess



. NASA/ESA/Sharples



NASA/ESA/Hubble



1.5 billion years

2 billion years
Merger
3 billion years
- Dusty starburst
5 billion years i galaxy
TODAY
13.7 billion years Quasar
Compact
galaxy
Merging
galaxies
Local
elliptical galaxy

NASA/ESA/Toft & Feild



® . ’ - .

. ¢ . » .

. . 8 o . - .

-~ 9 “ e “ _ » X
; s » * v ° .
' — D, ¢ / . &
\ ® ¢ R
\ » e < T
. / I T S T
pee ¥ . . ..
| | | | | |
0] 5.1 7.8 9.4 10.4 11.1

Billions of years ago

NASA/ESA/van Dokkum & Patel



lockback time (Gyr)
024 6 B8 10

|
o
NN

!
O
o

I
(A

2
redshift

Q
s
O
| -
-
Q
)
q0)
&
| -
o
4
| -
(O
i)
()]
-
Q
o]0]
(4]
S
)
>
T
Q
=
=
@)
=

Ned Wright



NASA/ESA/Levay



i

{
gy
-3




- » - » - ”
- . ‘ .
»
" g ey
- . . ' ‘
N p s W . o -
. . h - - .
o, o g .. . 4 »
.
. ; » .
- .. - . . . .



ESO



SMALL BODIES OF
THE SOLAR
SYSTEM




