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Lya forest transmission constrains
the end of the reionization epoch
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At “low” redshift, the Lya forest
represents the cosmic web processed

by a umform UV background a0
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Formation of cosmic structure
predicts scatter in optical depth

PDF(optical
depth)

Optical depth @ 40

Mpc/ h

4

! .-53,
- — 2-57 <F> = 0.06
— 2-6.0. <F> = 0.01
= 2265, <F> = 0.001

<IF>I =I0.|13I o

2 4 6 8 10

Optical depth @ 40

At high optical depths,
the scatter increases

Lidz et al.
2006



Above z ~ 5.5, variation in Ly«
forest opacity increases above the
density field expectation

T Above z ~ 6,
= Evidence for increased mostly troughs!
8— scatter starting at z ~ 57
H ] ]
g o variation expected
3 X for a uniform ionizing
L & background
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4.0 4.5 5.0 5.5 6.0 6.5
Becker et al. (2015) =

**Qptical depth measured in (roughly) 50 Mpc/h bins of the



Observation: ~100 Mpc/h Lya GP trough
at z ~ 5.7

Theorists: 2?222?222??
| ULAS J0148+0600
X 4+ z=5098
EE i
m I

7000 7500 8000 8500 9000
Observed wavelength (A)
Becker et al.

(2015)
Median Lya optical depthatz ~ 5.7 1s ~2.5

ULAS J0148+0600 Lya trough optical depth > 7.4!



But: there is substantial Ly
transmission,

probably not incomplete reionization!

Becker et al.
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Lya dark
trough

Some physical property of the ionized IGM must
be responsible...



What is required to reproduce
the J0148+0600 trough?

Fraction of
neutral

Lya forest opacity /\ydrogen

T.¢(large scale) o wEIO 0

vy o T 07

i \

lonizing background IGM temperature
strength

Two possible scenarios to account for the observed trough (within
scatter!):

factor of ~3-4 weaker ionizing background than average (Davies &
Furlanetto 2016)

OR



“Semi-numerical”

cosmological simulation:

cheap, easy, | Iarge -volume
e

Quasi-linear density fi Semi-numerical halo

= 5.6 - | ~ field

400 Mpc

Dawes&FurIanetto (2016) o _
Semi-num code: DexM ~25 million galaxies

Mesinger & Furlanetto (2007) with -12.9 < Muv < -23.:



VMiean Tree path riluctuations can
greatly increase ionizing

background fluctuations
Halo field (M, < -18 |donzadioonr adee fluatit@inmg

N = : P % PP
e B ARERE e

Davies & Furlanetto (2016) 06  -02 0.2 0.6
log lonization Rate (relative to



Relationship between Lya forest
opacity and density field is reversed

VS IOW'Z Black = opaque
White =
Density field @ z = 5.6 50 Mpc/h Lyo flspesgarent

‘‘‘‘‘‘‘‘‘

Opaque troughs correspond to Iarge-
scale voids which have a weak
lonizing background

Davies & Furlanetto Flllh.fc l. gonmmgg

(2016)



Could it be temperature

D’Aloisio et al. 2015:

instead?

Temperature variations due to an extended reionization
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Redshift

10 11 1

Gas instantaneously
heated to

a few times 104 K
(e.g. Abel & Haehnelt
1999)

Colors ¥ reionization
redshift



Extended reionization leads to
strong large-scale
temperature variations

reion T [ X104 K}
6 7 8 9 10 11 12 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15 1.6

BT
400

350

300

0 ks
0 50 100 150 200 250 300 350 400 0O 50 100 150 200 250 300 350 400

h~' Mpc h~ ! Mpc
D’Aloisio et al. (2015)

Opaque regions are large-scale overdense regions which
reionized early




If it’s the ionizing background:
Large voids, far away from sources

If it’s the gas temperature:

Large cold overdensities, which were ionized early
(z>87 97)

The two effects oppose each other, one has to
dominate!

s the e a oth r way o distingu Is?

oW a us?ng g Itaxqes tg c'lseq: %Eﬁ arge-scale
density?
Need to simulate distribution of adalaxies Iin rare



simulation
to probe ~100 Mpc/h

IfrfiLical LUIIUII.UII: 40963
Zel’dovich density field:
20483




~100 Mpc-scale features In the
ionizing background and Ly«
forest

log Ionizing Background (rel. to mean)
—06 -03 0.0 0.3 0.6

4 S~
R ST de A

0 o Ty O 4 iU O e ]
0100 200 300 400 500 “Bright” M,, < -19 galaxies
Davies et al., in Mpc/h




Adding temperature
fluctuations

to the semi-numerical model
Need to include two more calculations:

r . 9 . L W W W N W W _ Y]

Temperature evolution
Zreion
6 7 8 9 10 11 12
d_T _ —2HT+ 2T dA T dntot 2 dQ
C dt 3A dt Ttot dt 3]€B’ntot dt
500 § 3X10% P T
=6.0
400
2x104
< 300
= —_
= 2
200 ~
104 . — .
100 Davies et al., ir
T . prep
0 AL R £ e A e Equilibrium
0 100 200 300 400 500 O_..,.|....|....|.J..|.
Mpc/h -1 -0.5 0 0.5
(Computed via excursion set,

L 15
log A(z=5.7)



Inhomogeneous IGM

famnaratiira madal

IGM Temperature [K]
5000 10000 15000 20000 25000

B T |

See also:

Trac et al. 2008
Lidz & Malloy
2014

0 100 200 300 400 500
Mpc/h



Inhomogeneous IGM

LA-“I‘A-‘—L-I-‘A -“A‘IAI

IGM Temperature [K]
5000 10000 15000 20000 25000

. . . 380
Note: reionization

map is only 5123,
dz=0.1, but this
will improve!
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Relationship between density and
Lya forest opacity Is opposite
between the two models

log Ionizing Background (rel. to mean) IGM Temperature [K]
—0.6 -0 3 U 0 0 3 0.6 5000 10000 15000 20000 25000

0 100 200 300 400 500 0 100 200 300 400 500
Mpc/h Mpc/h

Davies et al., in



Relationship between density and
Lya forest opacity Is opposite
between the two models

Ly« forest opacity (UVB model) Lya forest opacity (T model)

500

500
400} 400
< 300} 4300
o 2.
= =
200 , 200
100 i 100
0 ey R N R B G R - DT T 0
0 100 200 300 400 500 0 100 200 300 400 500

Davies et al., in



Ly« forest opacity (T model)




Can we distinguish between
models with a galaxy survey?

ULAS J0148+0600 GP trough covers z~5.52-5.88
LBG redshifts accurate to dz~1 (photo-z)
LAE redshifts accurate to dz~0.1

6

ULAS J0148+0600

Zz=15.98

Becker et al. (2015) Subaru/HSC
NB816 filter
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noOwW ITially galaXxics \LALS)
should we see around a giant
Gunn-Peterson trough?

Ionlzmg Background Model | Temperature Mdel
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The nature of observed Gunn-
Peterson troughs is unknown!

Are they underdense, overdense, or neither? ? ? ? ?

lonizing background fluctusF

fluctuating MFP and/or quz,[ ,-ros ot

Residual temperature vari:°[ ﬂ Iﬂ|l||M|l| M Al \4

from extended reionizatior®

log Ionizing Background (rel. to mean) IGM Temperature [K]
-06 =03 0.0 0.3 5000 10000 15000 20000 25000




Eae(Mypes<26) [arcmin—2]

0.4

Extra: Subaru predictions
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Your name tags are a “real”
semi-numerical reionization
simulation!
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