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® Motivation

® New measurements of IGM Temperature &
Lyx Opacity
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At ® |mplications for Reionization & High-z
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The UV Background

=== This work
- = H&MO05 Quasars+stars
H&MO5 Quasars only

|. Modeling absorbers

2. Understanding sources
- Faint and/or high-z
- lonizing spectra

Faucher-Giguere+

George Becker - loA & KICC



What is the Reionization Era?

A Schematic Outline of the Cosmic History

Time since the <+ The Big Bang

Big Bang (years)
The Universe filled
with ionized gas

~ 300 thousand <-The Universe becomes

neutral and opaque
The Dark Ages start

Cosmic
Reionization

Galaxies and Quasars
begin to form

~ 500 million The Reionization starts

|. Hydrogen Reionization
z > 6, galaxies!

The Cosmic Renaissance
The Dark Ages end

2. Helium Reionization
z > 3, AGN

~ 1 billion “| +-Reionization complete,
; the Universe becomes

transparent again

Galaxies evolve

~ 9 billi
ilfion The Solar System forms

~ 13 billion

Today: Astronomers
figure it all out!

S.G. Djorgovski et al. & Digital Media Center, Caltech
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Hydrogen Reionized at z > 6

SDSS J1148+5251 (z = 6.42)
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However, 7gp ~ 4 x 10° fi1A ( -

0SS 12225-0014 (z - 487) IGM must be highly ionized at z < 6

1050 1100 1150 Fan+ 2006, Becker+ 2007

High-res spectra: GB+ Arest (A)
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The first z=7 QSO!

ULAS J1120
z =7.085

F— [Ne IV]
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Small proximity zone suggests that IGM

is >10% neutral at z~7
-- Mortlock et al 201 |
-- Bolton et al 201 |
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...anhd now have X-Shooter data!

Proper distance, R (Mpc)
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The photon problem

—_

-3

To reionize hydrogen, need to emit at least a few
ionizing photons/atom into the IGM by z=6

Log,, (N/mag/Mpc®)
-5

-6

—22

McLure+ 2013

BPASS

Fldridge et al For standard SEDs and 10% escape fraction, z=6
galaxies emit ~|-3 ionizing photon/atom/Gyr -- but
global SFR drops rapidly at z > 6!

500 1000 1500 2000 2500
Rest Wavelength (A)
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Evolving?! escape fraction

Possibly higher at z~3,
but difficult to measure
(faintness & contamination)

Extremely difficult to measure at z > 4

Nestor+ 201 1,2012
Vanzella+ 2012
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lonizing Emissivity

Galaxy UV Luminosity Fn SED Escape fraction

Observed
uv
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Counting photons in the IGM

50% higher UVB

Recombination rate: g X T_O'7 H | ionization rate s”!

George Becker - loA & KICC



Counting photons in the IGM

Lya opacity data

Ci=30
- - —- Model 2

O
O

Bouwens et al. (2005)
Richard et al. (2006)
. Stark et al. (2007b)
Yoshida et al. (2006) (All for f.=0.2)
Bouwens et al. (2006) :
Bunker et al. (2004)
(Al for f,,=0.2 + quasars)

Nion/<mH>/H(Z:6)_1

2 4 6 8 10 12 14
z

Bolton+ 2007 (see also Miralda-Escude 2003, Kuhlen & Faucher-Giguere 2012)

Recombination rate: g X T_O'7 H | ionization rate s”!
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|GM Temperatures

: H I+ Hel :

xHelll log(Trans) T (kilo—K) Z

McQuinn+ 201 |
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Temperatures from the
LyX forest

10100 K, y = 1.46

TO
T, = 19900 K, y = 1.48

800 1000 1200
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B This paper (2-0) ® Ricotti et al. (2-0)
O McDonald et al. (2-0)
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Compilation from Lidz et al 2010
see also Theuns et al
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Temperatures from the Curvature

T(A) at Lyx forest
densities

Temperature-density relation:

T(A) = TyAV™?

Becker+ 201 |

George Becker - loA & KICC



Temperatures from the Curvature

Rudie+ 2012

Temperature-density relation:
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Bolton+ in prep

End of He Il Re

Becker+ 201 |

* Extended He |l Reionization *
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Temperatures from the Curvature

Rudie+ 2012

Temperature-density relation:
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Becker+ 201 |

* Extended He |l Reionization *
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Flux

Mean transmitted flux

The Continuum Problem

] 1 ] 1 ]
6480 6500 6520

Fobserved

<Ftrans> —

Fcontinuum
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The Continuum Solution

Don’t fit continua.

Composites of SDSS Spectra
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v Becker+ 2013
Flux ratio = Fz|/Fz»
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The Continuum Solution

Don’t fit continua. Use composites.

Composites of SDSS Spectra
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26 Composites
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Becker+ 2013
Use flux ratios to get Fz/Fz=2
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Ly Opacity -- Existing

Faucher-Giguere+ 2008
/A Songaila 2004
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Ly Opacity -- New

Becker+ 2013

George Becker - loA & KICC



Ly Opacity -- New

This work I

Faucher—Giguere et al (2008)

Becker+ 2013

|. Much smaller errors
2. Extends to z=5
3. No bump

George Becker - loA & KICC



Hydrogen lonization Rate
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Becker & Bolton, in prep

lonization timescale = | / [ ~ 40,000 years
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Hydrogen lonization Rate

@® This work (y=1.3) @® This work (y=1.6)
M Bolton & Haehnelt (2005,2007) Faucher-Giguere et al (2008)

20 25 30 35 40 45 50 20 25 30 35 40 45 50
y4 y4

Higher I due to

(1) lower temperatures
(2) calibration with artificial spectra

George Becker - loA & KICC



lonization Rate —— lonizing Emissivity

I

OHI >\mfp

Roughly, /NV;,, X

but exact treatment needed at z~2-3!

1 ~ dl (1+ 2 ° —Tetf (V0,20,2
Radiative transfer: J (1o, 20) = E/ dzdz ((1 n ;))3 e(v, z)e off (10,20,2)

Intensity Emissivity

lonizing opacity: et (V05 20, 2 /dZ/ dNu1f(Nur, 2')(1 —e™™)

George Becker - oA & KICC



lonizing Opacity

Mean free path at 912 A Number density of LLSs

Prochaska+ 2009
O’Meara+ 2013
Fumagalli+ submitted
Worseck+ in prep

Songaila & Cowie 2010
(includes Peroux+ 2003)
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Fit simultaneously: f(NH,I, Z) X NIEIBN(l + Z)Bz

By = 1.3240.05
B, =2140.3

George Becker - loA & KICC



Emissivity Results

Specific emissivity
near | Ryd

Total emissivity of
ionizing photons

Photons/atom/Gyr

V)

log N /(10°" s"Mpc™®)

Becker & Bolton, in prep
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Emissivity Results
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This work (y=1.3, =3.0) @ This work (y=1.6, =3.0) @
Bolton & Haehnelt (2007) = Kuhlen & Faucher-Giguere (2012)

45 5020 25

Higher values due to (1) Higher I
(2) higher ionizing opacity
(3) inclusion of radiative transfer

Becker & Bolton, in prep
George Becker - loA & KICC



Separating AGN and Stars

Galaxies dominate the

| % | ~—— LBG+LAE emissivity, emissivity near | Ryd at z > 4,
}_%_‘ based on Nestor+ 201(2 and POSSib')’ atz > 2.4

® Total
[0 AGN: Cowie et al (2009)
O Galaxies (Total-Cowie et al AGN)

AGN: Haardt & Madau (2012) }—$—¢

Becker & Bolton, in prep
George Becker - loA & KICC



lonizing efficiency of galaxies
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|. The ionizing emissivity from the IGM
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2. The non-ionizing emissivity galaxy
surveys
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Compute the ionizing efficiency
of galaxies...

Non-ionizing

Uv

500 1000 1500 2000
Rest Wavelength (A)
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lonizing efficiency of galaxies

Cosmic Time (Gyr)
21 18 15 13 11 1.0 090 0.81 0.73 0.67 0.61
T T T T T

0.8 T T T T T
i o —20.25<M;y<—18.75 -
L W25 A oV ]

Redshift (z)

|. lonizing efficiency increases with redshift Becker & Bolton, in prep

2. Trend necessary for reionization continues to z~3

George Becker - loA & KICC



UVBatz>5

@® This work
X Wyithe & Bolton (2011)
< Calverley et al (2011) [Proximity effect]

Rapid change in the mean free path over 5 <z < 6!

George Becker - loA & KICC



Summary

® UVB results based on new measurements of IGM
properties over 2 <z <5

= Temperature

W08 T @ = Opacity to Ly photons
,;ﬁ j_o“i‘.:fé‘:w o & ¢
ALk D 5P = Opacity to ionizing photons
“ \' 2 141" }‘ ’

® |onization rate ~flat over 2 < z < 5, although higher than
other results (lower temperatures)

® Emissivity 2-6x higher than previous estimates
(temperatures, ionizing opacity, RT)

= Flat or increasing with redshift

- “ ' = More photons near the end of reionization

» ' gt N

ot o ® |onizing efficiency of galaxies appears to increase from z~3
R T to 5, as required for reionization

f" e * | \‘,4 George Becker - loA & KICC



