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» Measure Tyyq at z<5

» Measure Tryq at z>6

» At z~6, Tryq €xceeds the simple
extrapolation
» “The reionization epoch!”

White+03, Fan+06
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Evolving LyX Forest Absorption
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Becker+07
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» High-resolution observations
» Assess the T distribution

BEEEEY

s E ¥

B 8%

o8 8 8

400
X
200
Yoo

c

BEEHEE

EHEEEE

SOSS J2225-0014 <> = 4234

s 10 00 O3
Q164343520 <z> = 3.798

4

}~o—0444 —

L) 10 o0 e
Q1055+4617 <2> = 3591

0o o8 1.0
BRI0241-0146 <2> = 3523

GEEBEE B U  .s3EBYE  EBEREE  .esEdil

cBEEEE

QO24641750 <> = 4,123

0s 10 00 05
QI055+4611 <> = 3846

| F

\
) E ::‘ ) ‘\_"M
00 0% 10 00 0% 10
_BRI0241-0146 <> = 3.779

W

[\ |

P R

00 03 1.0
<y> = 3574

\
.

0s 10
Q0827 +5255

g 4

\_“/j L

0.0 0.8 1.0
Q0055-2659 <1> = 3149

Becker+07

BRIN202-0725 <> = 4074

x| R .

..
]
150} t

1'~h

'l

1;(;.' p-&l\‘f
W s \ 17

ol N
00 [ %] 0 00 03
Q0000~263 <z> = 38313

.

| 4
{L»Jf\
) Shalenilaallh T
00 03 °

2> = 3623

~

&,__jA J“
ol_Domeere®™ 1\ | [ere” |
00 03 19 00 03 10

)

0

20 ¢ N
N

N ]

s \

A . A

03 0

Q164545520 <2> = 5543
200! | J
A
e L ao

st
20 ’
|
[N 1]
QO055-2659 <2> = 33

00
300

| {
e 9 \
:T; | g - \
S

oo 03 9

QI42242300A <> = 3176

800
420} '
200} {
0 S L
o 03 1

L

1

)
1}
l‘v—"'/ l& |

.
]
.

8

Wednesday, February 3, 20 8



Becker+07

» High-resolution observations
» Assess the T distribution

» Good ‘fit’ to the observations

» No requirement for a ‘phase
transition’ indicating
reionization

8
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Defining Reionization
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Defining Reionization
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» Mean free path (Amgp) must go
to zero

Fan+ (2006)

Gnedin (2004)

» These are nearly 4 orders of

magnitude stronger than Lyman

limit absorption!!

9
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» Mean free path (Amgp) must go
to zero

Fan+ (2006)

Gnedin (2004)

» These are nearly 4 orders of

magnitude stronger than Lyman

limit absorption!!

Maybe it is better to start at z<6...
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State of the IGM at z~4
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» Highly ionized » Extragalactic UV
» T~10¢4K Background (EUVB)
» Partially (at least) » Sources

enriched with metals

Wednesday, February 3, 2010



lonization Field (Rate) at z~4
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lonization Field (Rate) at z~4

» Combined UV radiation field

from quasars+galaxies

11
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» Combined UV radiation field

from quasars+galaxies

| y
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» Over-ionization of the IGM ||H ][ i l i ’ ”ﬂ

|
near quasars °
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» Stronger effect => Weaker EUVB Wavelength [A]
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lonization Field (Rate) at z~4
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» Stronger eftect => Weaker EUVB :

» Simulate Lya forest

» Compare to Tryq
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Haardt&Madau 01

» Compare to Ty

» Roughly constant with z?

» Dispersion of ~35 in normalization
11
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- === Quasars (Norm=0.1, 0.15, ..., 0.35)

» Jonization rate (~10-12 g-1)

— Stars+quasars

» Luminosity function of quasars

» Quasar SED (o)

» Mean free path
O-HI)\mfp €q
FQ

h(OéHI -+ 3)

Faucher-Giguerre+09
Miralda-Escude 03

» Quasars are sub-dominant at z>4  Meisksin & White 04
Dall’Algio, Wisotzki, Worseck 09

» Highly uncertain conclusion...
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Mean Free Path (Amp): Definition

* Definition
» Average distance that a packet of
ionizing photons travels before
experiencing an e’! attenuation
» Proper distance (Mpc)
* Sources of Opacity

» Galaxies
*+ Damped Lya systems

» IGM

*+ Lyo forest
+ Lyman limit systems
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Lyman Limit System (LLS)
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Performing an LLS Survey
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Performing an LLS Survey
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Performing an LLS Survey
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Amip: T he Traditional Approach

~14¢
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Amip: T he Traditional Approach

~14 ¢
» Frequency distribution of Ny

values for IGM ‘absorbers’

» Observations: Simple counting
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Amip: T he Traditional Approach

N -12 -
1.5F :1‘6‘_ : _
» Frequency distribution of Nu1 S i) - j
= 20t ]
values for IGM ‘absorbers’ I ' Z
N;: 10F o6t _
. i . S I 15 16 17 18 19 20 21 22
» Observations: Simple counting % | log Ny
B
0.5F .
» Integrate the average Lyman
Limit absorption from the IGM
2=3.6 3.5 34 3.3
g 00 Zo12
/
Teff LL(2012, 2¢) = / /f(NHla Z'){1 — exp [ = Nuopn(2') | }dNmid=
0 V912
o 2912(1/) — > (1 + Zq) — 1
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Amip: T he Traditional Approach

15} -
» Frequency distribution of Nu1 ! '
values for IGM ‘absorbers’ . Ay — 023
N 10f----mmmee e R Lt -
» Observations: Simple counting < |
5O
0.5F -
» Integrate the average Lyman
Limit absorption from the IGM
2,=3.6 3.5 34 33
Zq 00 Z912
Teft,LL (2012, 2) = / / f(Nut, 2'){1 — exp [ = Nmopn(2') | }d Nuid2'
V912
o) = 2214 2) — 1

» Distance when Tegrr=1
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Amip: The Traditional AEEroach

15) -
» Frequency distribution of Ny ! '
values for IGM ‘absorbers’ o P2 00h23Mpc
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» Observations: Simple counting < |
E
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» Integrate the average Lyman
Limit absorption from the IGM
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» Distance when Tegrr=1 A~ @

/\mfp dz

Wednesday, February 3, 2010



(Angstroms)
dﬁb . 1100 1200 1300

(SDSS)

Lyo NV

-------------------- | FRTTUITSTUUTITURY S STTRET TRRREY TRRTTR WUPTIE U ..l.-.—-
5000 5500 6000
M., (Angstroms)

Wednesday, February 3, 2010



(Angstroms)
dﬁb . 1100 1200 1300

» Counting (measuring) Lya lines (SDSS)
» Well characterized, but not
important to Amfp
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» Counting (measuring) Lya lines
» Well characterized, but not
important to Amfp

» Well characterized but too rare
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» Counting (measuring) Lya lines
» Well characterized, but not
important to Amfp

» Well characterized but too rare

» Large sample variance

» No Nur sensitivity

4

LLS Absorption Redshift
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» Counting (measuring) Lya lines
» Well characterized, but not
important to Amfp

|
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()

» Well characterized but too rare
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» Large sample variance

» No Nur sensitivity

» Almost no constraint!
» These could easily dominate Tegr1
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Faucher-Giguerre+08
— — Madau et al. (1999)
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Why not evaluate from first principles?
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“A New Hope”

Stacked Quasar Spectra
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Building a Stacked Quasar Spectrum
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Building a Stacked Quasar Spectrum
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Building a Stacked Quasar Spectrum
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Stacking the Quasars
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Stacking the Quasars
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fk/ f 1450

SDSS: 2,=3.6
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onc Ogautx
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Lyo Opacity
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Lyo. Opacity
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Amfp: Qualitative View
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Amfp: Qualitative View

SDSS: 7,=3.6

@g

900
Rest Wavelength (Ang)

Wednesday, February 3, 2010



Amfp: Qualitative View
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Amfp: Qualitative View
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Amfp: Qualitative View
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Amip: Opacity Method
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Amip: Opacity Method
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Amip: Opacity Method

» Integrate over the path traveled

» Separate frequency dependence

» Convert to redshift
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Amip: Opacity Method

» Integrate over the path traveled

» Separate frequency dependence

» Convert to redshift
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Amip: Opacity Method
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The Opacity Method: Does it work?

Mock Average Spectrum

A (Angstroms)
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The Opacity Method: Does it work!
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The Opacity Method: Does it work!
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SDSS Stacked Quasar Spectra
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SDSS Stacked Quasar Spectra
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Bootstrap Errors
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Bootstrap Errors
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Anmip: SDSS Measurements (All)
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kmz SDSS Measurements (z>3.6 6)

A ¢ (hy, Mpc)
)
-
NOARNWA w§n
—_—
—_—




Amip: SDSS Measurements (2>3.6)
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Amip: SDSS Measurements (2>3.6)
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Amip: SDSS Measurements (2>3.6)
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Amip: SDSS Measurements (2>3.6)
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Amfp IMmplications: Quasars vs. Stars
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Amfp IMmplications: Quasars vs. Stars
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Amfp IMmplications: Quasars vs. Stars
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Amfp IMmplications: Quasars vs. Stars
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» Stars dominate at z~4
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Amfp Implications: Reionization
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Amfp Implications: Reionization
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Gnedin04
1
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Amfp Implications: f(NRi

} DR7 L L L L L L ]
: 4t . -

» Subtle systematic errors L Yus= 32415 / :
- Cys=19+/-02 _ .

A
- | | T/ | ]

bis(2)

B E
N Prochaska, O’Meara, & Worseck 09
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Amfp Implications: f(N

» DR7

-10

4 Sllbtle SYStematiC CITOYS Prochaska, O’Meara, & Worseck 09__

log f(Ny;,X)
|
o

I
DD
-

12 14 16 18 20 22
log Ny,
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» DR7
» Subtle systematic errors

» z~3.]
» DLAs, SLLS, LLS, Lya, Anfp

o
o
[
W

Fraction

S
in

=
o
Z.
A
T
Q
=
o
t~
<=
=
o~
x
V2

» f(N) flattens to > -1 at Nyr~101'8
» f(IN) steepens to < -2 at Nur~1010
» LLS dominate Amgp at z>3.5

Bprrs = [-1,-1.5,-1.8,-2.0]
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Bois = [-1,-1.5,-1.8,-2.0]
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» (Gas with TiL ~ 1
N log Nur~ 17

>Nip)

o
o
=
Q
<
=
o

-1,
Ko, (hy, Mpc

o
o
[y
o

o

in

Bois = [-1,-1.5,-1.8,-2.0]
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Amfp IMmplications: What is its origin?

. - . '.fj'*.,.‘ :yll"’ ng
e What dominates Amg? v, SRR, ‘2/.

» Gaswith trp ~ 1

> log Nur~ 17
e What region(s) of the universe

dominate at log Nui~ 172
» Not gas near the mean density
» Not gas in the centers of galaxies
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Amfp IMmplications: What is its origin?

» Gas with Ty, ~ 1
> log Nur~ 17

» Not gas near the mean density
» Not gas in the centers of galaxies

» Hydro with AMR of galactic halos
» Post-process ‘full’ radiative transfer

» First results...

Fumagalli+ 2010
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Amfp IMmplications: What is its origin?

» (Gas with Ty ~ 1
B log Ny~ 17

» Not gas near the mean density
» Not gas in the centers of galaxies

» Hydro with AMR of galactic halos

» Post-process ‘full’ radiative transfer
» First results...

Fumagalli+ 2010
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Amfp: SDSS Measurements (2<3.6)
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Amfp: SDSS Measurements (2<3.6)

60 T

» No obvious astrophysical

explanation 0
» Expanding universe prohibits it :
40 -
5k
T_éi 30 =
g&qg

20

10F

oE o+ .
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Amfp: SDSS Measurements (2<3.6)

» No obvious astrophysical
explanation
» Expanding universe prohibits it

» Apparent in LLS statistics too
» Self-consistent within the spectra

bis(2)

4'_

Yis= 52 +—15
Cs= 1.9+/-02

]

LT
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1F -
E Prochaska, O’Meara, & Worseck 09
0 - 1 L ] L 1 1 | 1 1 | 1 1 1 | 1 1 1 | L L L | L
3.2 34 3.6 3.8 4.0 4.2 4.4
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Amfp: SDSS Measurements (2<3.6)

» No obvious astrophysical
explanation
» Expanding universe prohibits it

» Apparent in LLS statistics too
» Self-consistent within the spectra

» Bluer (u-g) quasars at z=3.6
than z=3.5

bis(2)

4'_

Yis= 52 +—15
Cs= 1.9+/-02

97/“ '

S

]

1 -

E Prochaska, O’Meara, & Worseck 09
0 - 1 L ] L 1 1 | 1 1 | 1 1 1 | 1 1 1 | L L L | L
3.2 34 3.6 3.8 4.0 4.2 4.4

Z
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Amip IMmplications: SDSS Bias
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Amip IMmplications: SDSS Bias

» SDSS quasars at z=3.6 are bluer
than those at z=3.5
» Exact opposite of expectation

Wednesday, February 3, 2010
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» SDSS quasars at z=3.6 are
than those at z=3.5
» Exact opposite of expectation

» SDSS avoided quasars with blue
ugatz~34
» ‘Perfect storm’ of errors
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» SDSS quasars at z=3.6 are

than those at z=3.5 —IGM model , =3'Oj~\"”
32 °

» Exact opposite of expectation TIPS

» SDSS avoided quasars with blue
u-gatz~34

c
o
7
u
£0.4
7))
o
(1]
| -
=

» Perfect storm’ of errors

» Biased toward quasars with LLS 4V(Vgggelength [A] >000

» Biased against quasars that are

useful for Hell studies
» IGM studies at z~3 from SDSS
are suspect
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» S/N too poor at z>4
» But, the quasars exist

» ~200 quasars at z>4 4

» IGM studies
» Collaboration

1200
Ao (Angstroms)
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Gemini

Gemini

» S/N too poor at z>4
» But, the quasars exist

» ~200 quasars at z>4 4

» IGM studies Gemini
» Collaboration
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J024448-081606

o0

Relative Flux

3800 4000 4200 4400 4600 4800 5000

Wavelength (Ang)
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» Spectral coverage limits to z>3.3 J024448-081606

» Quasar bias kills z~3 4

» Focus on quasars discovered

>
=
y—
o
)
>
=
s
o
0
a7

without color-selection

3800 4000 4200 4400 4600 4800 5000
Wavelength (Ang)

» Ongoing program with Keck/LRIS
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Future Work: Amip at z<2.5

A .. (Angstroms
300 900 1666 . )

1100 1200

3()%_ Lyo ,NV
20 -
5 E
T F
10 -
e
2800 3000 3200 3400 3600 3800 4000 4200
Aoy (Angstroms)
» Space-based UV » WEFC3 grism
observations » 35 observed to date
» ACS Prism program » Stay tuned

» COS snapshot survey z~1
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Future Work: Stacked Spectrum

sk —1 r 1 T T T T 17 I—
» More work to be done
» Is the dip real? : -
10F .
: . = _ Lyp
» Model at high precision S|
» Constrain f(Ngp) at ol Lyd Lyy
Nu~101 to 1016 ! M
{ |
. OO .l ....... . o . ...... l . ....... . e l ...... . .. ....... . . ...... . ...... .l ....... . s . ...... l—
» What 18 the shape below 1Ryd? 4000 4200 4400 4600 4800 5000

Mgt [1+2,] (Angstroms)
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Summary

60

» Stacked quasar spectrum N

> Amfp = 48.4 - 38 (z-3.6) [h'! Mpc] “

_
» Quasars may dominate at z~3 ;
m% Doy =484 = 38%(2,-3.6) [h"" Mpc]

At (h73 Mpc)

» Reionization occurred at 7.5<z<20
» LIS + 7\.mfp

Mny = 37.0[(14+2,)/(143.9)]" [h™' Mpc] E
y=50+/-15 .

0 1 gl 1 1 1 | 1 1 1 | 1 1 1 |

3.6 3.8 4.0 42
<z,>

» Biased toward LLS at z~3 4
» Be careful with the IGM at z~3
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Looking under the rug...

» QSO SED
» Lya forest redshift evolution | _
» Metals 10 -
» Evolution in the MFP ! yp
» Proximity region : 45 Ly

/%1450

» Exponentials always win
» Az is small (~0.3)
» It 1s desirable to include the

OO I 1 L P P T L ||

.. . 4000 4200 4400 4600 4800 5000
proximity region Mgt [142,] (Angstroms)
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—IGM model z__-30
——SDSS

Transmission

4000 5000
Wavelength [A]
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