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A Consensus Picture

of Relonization?

z (Lya)
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" M -
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o 8000 . 9000 10000
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Outline

e New results from Planck — Problem solved?
* The ionizing photon budgetover2 <z <6

e Have we detected reionization at z~67 z~77

- - -
-
. . -
« - . -
i ‘.

N AeE e George Becker 3.10.15



Relonization

First Stars and Reionization Era

S The Big Bang/Inflation

Big Ban yeary /’\ Uriveso e i « What are the first stars like?
ionized gas:
~ 380 Thousand fully opaque

Universe becomes  When do the first galaxies form?

neutral and transparent

 What are the properties of the earliest
galaxies, and how do they evolve?

« How and when do the first super-
massive black holes form?

o g O « How does non-linear structure evolve
g it in the IGM?
me %o sSis. .| Reionization complete
. . ; - | ~10% opacity
j g e How do galaxies and the IGM
., : ark Energy begins .
s et interact?
~ 9 billion
‘ Our Solar System
- - 5. forms
i ¥
W\ \
o o
~ 13.7 Billion '

Today: Astronomers look back and understand
NASAWMAP Science Team

George Becker 3.10.15



Boundary condition: Lya Forest

J1148+45251 z=6.42

J1623+3112 z=6.22

|IGM Lya opacity:

A
~10°f
TLya HI
Transmission at z~6 means eyl Srespctn sl O
reionization largely e 4

complete within 1 Gyr (but
see later in the talk).

- J0927+2001 z=5.79

N N AN A AT ARG
J1044-0125 z=5.74

6800 7000 7200 7400 7600 7800 8000 8200 8400 8600 8800 9000 9200 9400 9600 9800

MA) Fan et al (2006)
George Becker 3.10.15




Planck 2015

Electron optical depth: 7e o< Ng

earlier reionization — higher te

B B required “non-standard”
WMAP1 Te — 0.17 £ 0.06 Zreion — 17+ 5 star-formation h/StOl’y

WMAP9 Te = 0.089 = 0.014  2yei0n = 10.6 £ 1.1 still uncomfortably high

better dust maps +
Planck 2015 Te = 0.066 +0.016  z.¢ion = 8.871°] constraints from CMB
lensing

George Becker 3.10.15



A consensus model?

Robertson+2015

L =0.001L

min

Star formation
rate density

mm Maximum Likelihood SFR History

ML SFR History Without » Constraint
é SFR Density from UV Luminosity Density

é SFR Density from IR Luminosity Density

6 8
Redshift z

Lower te from Planck reconciles
reionization with high-z star
formation rate. Right?

Thomson Optical Depth ¢

= ML + 68% Credibility Interval

- Robertson et al. 2013

Forced Match to WMA

|GM neutral

fraction

A Ly-« Forest Transmission
A Dark Ly-a Forest Pixels
O m Quasar Near Zone
O GRB Damping Wing Absorption
O Ly-a Emitters
& Ly-a Galaxy Clustering
@ Ly-« Emission Fraction

8
Redshift z

WMAP 9-yr

ML + 68% Credibility Interval

p  Truncated at z>8
SFR

Te

10
Redshift z

George Becker 3.10.15



Consistency”? lonizing emissivity:

Robertson+2015 ﬁ Njon — fescgiOHIOSFR

@& @
Star formation Escape L Star formation

i fraction oMY rate density
rate density ohotons /

unit SFR

Model assumes fose = 0.2, fixed &ion

mm Maximum Likelihood SFR History

ML SFR History Without » Constraint
é SFR Density from UV Luminosity Density

Model @ z=2.5
Nion ~ 19 LyC photons atom Gyr_l
stars only

é SFR Density from IR Luminosity Density

Redshift z

Reality @ z=2.5 2o
Nion ~ 4 LyC photons atom ™! Gyr~!
stars + AGN!

George Becker 3.10.15

To complete reionization, need
~3 lonizing photons/atom.




lonizing Emissivity

Galaxy UV Luminosity Fn SED Escape fraction

Observed
uv

Q)
©
g

~

«
9]
o
=

~
£,

%)
el
g
=)
Z

—-21 -20 -19 —-18 .
MAB(I'?OOA) 500 1000 1500_ 2000 2500
Rest Wavelength (A)

/ ¢ ‘
4 D
IGM Propertle& H | lonization rate IGM opaaty Emissivity
, Opacm’/ o

& Tempera‘tu re

10N

- photons s*! Mpc?
N y

4500 5000 5500 6000
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The Intergalactic Medium

e Main reservoir of matter in the
universe (>90% baryons)

* Low density 0.1 <p/p <10

o After reionization: warm,
photo-ionized
T ~ 10* K
fuar ~ 107°

George Becker 3.10.15



T'he Intergalactic Medium

Hlin
individual
filaments

Metals on
galaxy scales

5005 5010 5015 5020 % 6320 6325 6330 6335
A (A) A (A)

"Q1422+2309 c
z.= 365 Ly forést
A HI

}bhagall_nwes
Quasar -
absorption lines

5000 5500
A (A)
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Lya Forest

p/p~1

(nearly linear)

>

G
o O
— C
¢S
1

N
N
£
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Lya Forest

p/p~1

(nearly linear)

720 725

cold dark matter warm dark matter

WDM 0.5 keV

\4

p/p ~ 10

(mildly non-linear)

30 comoving Mpc/h z=3

Viel. GB+2008 2013 O W

George Becker 3.10.15



Counting photons

Normalized Flux

Recombination rate: xg X T_O'7 H | ionization rate s/

George Becker 3.10.15



|IGM Lya Opacity

The Continuum Problem




Solution: Don’t fit continua

Use composites.

Composites of SDSS Spectra

|

26 Composites

2.25 < z < 2.08

—~
n
>
-
i)

>
C
O
C
>
O
-
O

~
X
=
L

Ay | y
(i AR TR

1200 1300
Rest Wavelength (A)

Becker+ 2013
Use flux ratios to get F(z)/F(z=2)
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Lya Opacity

This work I

Faucher—Giguere et al (2008)

Becker+ 2013

1. Reduced errors
2. Extends to z=5
3. No bump at z=3

George Becker 3.10.15



|IGM Temperatures

T,= 9100K,y = 1.55 T,=10100K, y = 1.46
T,=17100K, y = 1.56 T,=19900 K,y = 1.48

Temperature at
mean density

Curvature

He |
200 400 600 Reionization

v (km/s

+
}
T

Curvature = F”
Higher curvature = Colder

onization

End of He Il Re

Becker+ 2011a

George Becker 3.10.15



lonizing Emissivity

Galaxy UV Luminosity Fn SED Escape fraction

® (z)= 2.30

. O (z)= 3.05
+ .
é %
° f ° ° ° \
IGM Properties Emissivity
Opacity .
% lemperature

Nion

photons s! Mpc-3

Q1422+2309

- J

4500 5000 5500

George Becker 3.10.15



Emissivity Results

Modest emissivit atz~3  Rising as SFR density decreases?

Photons/atom/Gyr

psrr (scaled), Madau & Dickinson (2014) =s=s=s==
This work (y=1.6, a=3.0) @
Kuhlen & Faucher-Giguere (2012)

Higher ionizing emissivity from
1. Lower temperatures

~ Madau & N 2. Radiative transfer
Piokinson (2014 ‘ 3. Shorter mean free path Becker & Bolton (2013)

log v (Mg year™ Mpc3)

Redshift

George Becker 3.10.15



VA g

But a problem at z~0...

Nion X F/)\mfp

Mean free path
Worseck+2014

® Becker et al (2013)
< Calverley et al (2011) [Proximity effect]

George Becker 3.10.15



g - Butaproblematz~6...

qm’»"'

o .
'C’ Ales Nion X F/)\mfp

lverley

Emissivity

Photons/ato ,,

pskr (scaled), Madau & Dickinson (2014)

Becker & Bolton (2013) @
Kuhlen & Faucher-Giguere (2012) &

Does the emissivity have to rise at z > 67?

George Becker 3.10.15



Scatter in Lya opacity

Lidz et al (2006)

Fan et al (2006) Get large scatter in Ly opacity from the
density field alone.

HAVE WE DETECTED PATCHY REIONIZATION IN QUASAR SPECTRA?

ApaM Lipz,' S. PENG OH,> AND STEVEN R. FURLANETTO’
Received 2005 December 15; accepted 2006 January 26; published 2006 February 14
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ULAS J0148+0600

Zem = 5.98

i
o<(
R
=
o
ICD
(@)
—
()
~
|
o
A
~
X
=
L
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Compared to other
Lya troughs...

ULAS J0148 trough is
longer and at substantially
lower redshifts.

Becker+2015

Flux /[10™7 erg s cm™= A™]

SDSS J1030+0524
z=6.28

Keck ESI (10.3 hr) ~=5975 — 6.165

d bbbt}

6000 7000

SDSS J1148+5251

Flux [10'18 erg cm'28'1A'1]

Keck ESI (11.0 hr)

2=6.37 z =6.075 — 6.320

{

White et al (2003)

7000 8000

Wavelength

- ULAS |0148+0600
Zem = 5.98

z = 5.924 — 5.879
< >

n “ 110 Mpch™t
S - M Lttt s e oot ittt aemm————_ L

L | L L L | L L L | L L L | L
7600 7800 8000 18200
A (A)
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How can these live In the same universe”?

SDSS J1306+0356
ULAS J0148+0600

)
=
(-
>
>
| -
©
-
=
O
| -
s
X
=
L
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The problem: Assumption of a uniform UVB

Lya forest opacities

: o o ,‘ )
.‘-_.'....v......’ ..................... ] ) .."f: ‘ Teff _ ln <F>
' S 50 Mpc/h bins
.............. e e Tt S
{ . '
N A R PITa TN “’ }
" ; S T
4 - < —{\?‘* . \ =
< ' -------'-n:"-' ------- .-;-----'--*i---'-'--:)
-0.80. -0.10 + 0.60 " 1.30 2.00 |
< >
100 Mpch Uniform UVB does not reproduce
observed IGM Lya opacities at z > 5
Becker+2015
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‘Post-Overlap” phase of Reionization

George Becker 3.10.15



‘Post-Overlap” phase of Reionization




‘Post-Overlap” phase of Reionization

NN
o o

—
o

—
)
j
©
—
=
O
—
)
~
X
=
L

N
o o

SDSS J1306+0356

-
(&)

-
o

Flux (arbitrary)
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Galaxy UV background

Density ,

........................ > T
O e .) . .
4 S LA A Lya opacity

------ X -'-‘A-‘--u 5 '_';.,"'i':') ".“ . ; .

o R N Amfp = 38 Mpc/h
: 0 | :{.J.. ..... ‘.‘.i\'a.‘....‘..:.u‘_..) . . LyC photons
Ry A Nion = 4.3 atom~! Gyr~!

~ -0.80 -0.10 -~ 0.60 ' 1.80 2.00

" lonization Rate

IS (Xa Nio,n 9 )\mfp)

. .o ' - Teff:—].ll<F>
: 50 Mpc/h regions
T8 - 15)

R |  Becker & Bolton, in prep

-13.10 -12.48 -11.85 -11.23 -10.60
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Galaxy UV background

Density '

........................ > T
O e .) _ .
4 S LA A Lya opacity

------ X -'-‘A-‘--u 5 '_';.,"'i':') ".“ . ; .

o R N Amfp = 38 Mpc/h
: 0 | :{.J.. ..... ‘.‘.i\'a.‘....‘..:.u‘_..) . . LyC photons
e A SN Nion = 4.3 atom ! Gyr_1

~ -0.80 -0.10 -~ 0.60 ' 1.80 2.00

" lonization Rate

IS (Xa Nio,n 9 )\mfp)

R

T (% =15)

R |  Becker & Bolton, in prep

-13.10 -12.48 -11.85 -11.23 -10.60

Tef = — In (F')
50 Mpc/h regions
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Galaxy UV background

Density '
........................ > T
‘ S f- ook g 5 _.':....:‘.":..{.’...) s ] .
N s LA A Lya opacity
...... ] , .e) : ) .
SO SR Amfp = 38 Mpc/h
r 3 : y, - (‘:’ S b ‘\. T L ’ ,
2 2 TR L SRS _ : B yC photons
‘ S R Nion = 4.3 0 D%,
: log p/<p> ' ‘ #

~ -0.80 -0.10 -~ 0.60 ' 1.80 2.00 .

" lonization Rate

IS (Xa Nio,n 9 ,)\mfp)

R

T (% =15)

S  Becker & Bolton, in prep

-13.10 -12.48 -11.85 -11.23 -10.60

Tef = — In (F')
50 Mpc/h regions
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~ -0.80 -0.10 -~ 0.60 ' 1.80 2.00

" lonization Rate

IS (Xa Nio,n 9 )\mfp)

R

T (% =15)

-13.10 -12.48 -11.85 -11.23 -10.60

Lya opacity
z =05.6

Becker & Bolton, in prep

Galaxy UV background

LyC photons
atom™ ! Gyr~

N, = 4.3

1

)\mfp = 10 MpC/h

LyC photons
Nion =19 atom ! Gyr—l

Tef = — In (F')
50 Mpc/h regions

George Becker 3.10.15



lonizing Emissivity

Flat or rising over 3 <z < 6

0.0

Clg-\
(@) -
o >
:
® o
o ®©
o —05 ~
g &
\C O
S e
pd N
p n_
(@) .

psrr (scaled), Madau & Dickinson (2014)
This work O
Becker & Bolton (2013) @
Kuhlen & Faucher-Giguere (2012) &

|
—
o

1. Abundant photons for reionization.
2. Galaxy ionizing efficiency (fesc*&ion) must increase with redshift

Becker & Bolton, in prep
George Becker 3.10.15



Constraints from z~7 quasar?

ULAS J1120+0641
z =7.084

-2 —1
pm= )
2x107 18

m

10—16

=
N—r
<
L
>
=
%)
-
o)
O
x
=)
L

Wavelength, A (um)

Proximity zone suggests >10% neutral IGM (Mortlock+2011, Bolton+2011)
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Constraints from z~7 quasar?

m ™2 ,um_1)
2x107 16

Al 11
—— Si I]+C 1]

1 0—1 6
Fractional transmission, T

=
N—r
<
L
>
g
%)
-
o)
O
x
=)
L

— Ly vy
- — LB

0

1.6

Rest-frame wavelength, 4, (Lm)

Proximity zone suggests >10% neutral IGM (Mortlock+2011, Bolton+2011)

Reasons to be skeptical...

George Becker 3.10.15



T Sa ral*{%
: Bosmanﬂ

« Among objects that match in C 1V,
ULAS J1120 is not a strong outlier

e Easy to find similar lower-redshift
objects without damping wings

e No need for neutral IGM

Bosman & Becker, submitted

ULAS J1120

Flux (arbitrary units)
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New z > 6.5 quasars!

Pan-STARRS
osssso00r DES+VISTA

Mg|
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DES J0244-5008
z=6.74

bright!

i
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Venemans+2015

George Becker 3.10.15



The latest DES quasar

ULAS J1120+0641 (z=7.08)
DES J2044-5008 (z=6.74)
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©
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<
LL

-0.5
1160 1180 1200 1220 1240 1260 1280
}\‘rest (A)

More extended proximity zone than J1120,
consistent with an ionized |IGM near z~7.
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Summary

 Planck data suggest a somewhat later reionization than
WMAP, but a consensus model remains elusive

= e |onizing emissivity remains flat or increases with redshift
AT S E R over 2 < z < 6, even as global star formation rate
I AN, declines — escape fractions, IMF may evolve

« Lya forest shows evidence of large-scale UVB
fluctuations near z~6, consistent with patchy
reionization

 Neutral fraction at z~7 still unclear, but larger z > 6.5
4 quasar samples becoming available

T U | Collaborators —
CUe e Jamie Bolton (Nottingham), Martin Haehnelt (Cambridge), *Sarah Boseman
(Cambridge), Matteo Viel (Trieste), *Alex Calverley (Cambridge), Paul Hewett
(Cambridge), Gabor Worseck (Heidelberg), Xavier Prochaska (UCSC),
Michael Rauch (Carnegie Observatories), Max Pettini (Cambridge), Piero
Madau (UCSC), Emma Ryan-Weber (Swinburne), Bram Venemans (MPIA)

O *students
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