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Observational Constraints on
Hydrogen Reionization

Emissivity
Tiyo; UV luminosity function; absorber abundance; GRB
rate; IR background fluctuations; X-ray background
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Observational Constraints on
Hydrogen Reionization
...that are invoked in models

Emissivity
Tiyoa; UV luminosity function; absorber abundance; GRB
rate; IR background fluctuations; X-ray background
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Observational Constraints on
Hydrogen Reionization
...that are invoked in models

Emissivity
Tua; UV luminosity function; absorber abundance; GRB

r In order to interpret more observations,
a model must include more physics.

‘ (see also talks by A. Pawlik, H. Kim; poster by K. Hasegawa) -




Cosmological
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Observational tests
e UV LF

®* TcMmB

2 TLyO(

Ingredients

e GADGET-2 + on-the-fly ionizing radiation transport (KF+201 | b)

* nonequilibrium ionization (processes/rates from Katz, Weinberg, & Hernquist 1996)

* outflow, star formation models have been tested extensively against UV LF, IGM metal
absorbers, galaxy metallicities (Dave+; Oppenheimer+; KF+; Ford+)
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Predicted LF Evolution is Reasonable

i See also:
2=10 z=9 .
data: Oesch+2013 data: Oesch+2013 Schenker+2013; Ellis+201 3;
Bouwens+

z=7
data: McLure+201.
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Predicted LF Evolution is Reasonable

i See also:
2=10 z=9 .
data: Oesch+2013 data: Oesch+2013 Schenker+2013; Ellis+201 3;
Bouwens+

2Ta) (=] o SN

This model is reproduces the observed UV LF.
— What does it teach about galaxy evolution?
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Outflows versus
Photoionization Heating

Outflows vs | ™ Phbtoé\(“aporation
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Photoheating vs. Outflows

* without any feedback,
the LF is overproduced

s McLure

—— no winds, J,,=0
Uy

~1% (faint)
KF, Davé, & Ozel 201 |
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Photoheating vs. Outflows

* without any feedback,
the LF is overproduced

> Bouwens 201 * an EUVB reduces galaxy
Melure 2010 A abundance by < 50%

—— no winds, J,,=0
Uy

no winds, J,,,>0

KF. Davé, & Ozel 201 |
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Photoheating vs. Outflows

* without any feedback,
the LF is overproduced

s Bouwens 201 * an EUVB reduces galaxy
sMclure 2010 A - abundance by < 50%

* momentum-driven
outflows (Murray+2005)
suppress LF effectively

—— no winds, J,,=0

no winds, J,,,>0

---. winds, J,,=0

KF. Davé, & Ozel 201 |
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Photoheating vs. Outflows

* without any feedback,
the LF is overproduced

G o 4 * an EUVB reduces galaxy
s McLure 2010 - abundance b)’ < 50%
| e momentum-driven

outflows (Murray+2005)
suppress LF effectively

—— no winds, J,,=0

A )N e given outflows, the
-~ winds, J;,=0 impact of an EUVB to
----- - winds, Jy,>0 Muv < -16 is weak

_16 : see also: Dave, KF, &
(falnt) Oppenheimer 2006; KF+2006;

KF. Davé, & Ozel 201 |
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Photoheating vs. Outflows

* without any feedback,
the LF is overproduced

z=06

I
[Ty

uwens 20 @l - an EUVB reduces galaxy
s McLure 2010 - abundance b)’ < 50%

* momentum-driven
outflows (Murray+2005)
suppress LF effectively

I
4V

|
(W)

—— no winds, J,,=0

I S WO * given outflows, the
- winds, Jy,=0 impact of an EUVB to
% Pl - winds, J,,>0 Muv < -16 is weak

log,, N /Mpc?® / mag

|
NS

. _20 _18 _18 : see also: Dave, KF, &
(bright) Y (ENR)]  Oppenheimer 2006; KF+2006:;

KF. Davé, & Ozel 201 |
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Takeaways: UV LF

¢ |f Mwind/M+ oc My! (momentum-conserving
outflows), then outflows dominate feedback

for aII Mh 2 IO9 Mo, = > 6
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For fixed fesc, TcMB and Tiy« in tension

-v‘--—‘--O--T-D-‘-o--l---‘---—-—‘-»-~-L--.-.L,~.,-'I I I |
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- fesc can be tuned so a "'.
_that reionization I
completes on time,

[
'
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i
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‘!’,‘
winds

no winds

Loy opcll g ye | g0 g
| | I | | | I I
...the IGM is too
-ionized at late times...

| |
| I

..and not ionized
enough-at early times.

-

1000
H M yr

KF. Davé, & Ozel 201 |

10
redshift
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For fixed fesc, TcMB and Tiy« in tension

10 12 14
redshift

3 4 5 6 8 10 1

-
-

o
7 '
. o 1
0.08 Komatsu et al. 2011 (68% confidence) é

KF. Oh, Ozel, & Davé 201 |



Evolving fesc(z) Performs Better

1 __1 T | ™ 1 i
0.8 =
30.6 — .
u—.804 __ ;
0.2 F .
10 A — 0 __J [T T I TR SR WU N TR NN S N NN 1——:
redshift ! 6 8 | 10 12
redshift 3 4 5 6 redshift
0.1 b7 Bl sce also:
0.08 Komatsu et al. 2011 (68% confldence) |noue+2006;

Kuhlen & Faucher-Giguere 2012;
Mitra+201 1, 2012;

Ferrara & Loeb 2012;

Haardt & Madau 2012;

Alvarez, KF, & Trenti 201 2;

. Raskutti, Bolton, Wyithe, &
KF, Oh, Ozel, & Dave 201 | Becker 2012
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Evolving fesc(z) Performs Better

...but then we must————
explain fesc(z)! .
esc EO.G :__ _':
u—.804 __ —
0.2 F -
10 A | 0 __J [T T I TR SR WU N TR NN S N NN 1:
redshift 4 6 8 | 10 12
redshift 2 3 4 5 6 redshift
0.1 b7 - see also:
0.08 Komatsu et al. 2011 (68% confidence) /I‘: |noue+2006;

Kuhlen & Faucher-Giguere 2012;
Mitra+201 1, 2012;

Ferrara & Loeb 2012;

Haardt & Madau 2012;

Alvarez, KF, & Trenti 201 2;

. Raskutti, Bolton, Wyithe, &
KF, Oh, Ozel, & Dave 201 | Becker 2012
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Takeaways: Tiya and TcMme

(1) Matching Ty« and Tcme simultaneously
within a galaxy-driven reionization
scenario requires either a strongly evolving

fesc(z) or self-regulation (Alvarez, KF, &
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Testing Models Using Tigmatz = 6

Comparing the temperature
log(T/K) of gas at the mean
density at z=6:

Simulation: 3.8-42
Bolton+2012: 3.68 - 3.98

= excellent agreement suggests
that the reionization history is
realistic.

log(p/{p))
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Takeaway: T'igm

Models that reproduce Tcmg can also

[}
reproduce |1 |gmIT the reriects a
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Motivation: Searching for Low-
absorber at z = 6.0097 Mass Galaxies

- S I 1260.42

Observations (Becker+06,11,13)
* selected as absorbers along
sightlines to high-z quasars;

* H| is saturated;

* number density comparable
to DLAs/sub-DLAs at z = 3;

* column density ratios same

as DLAs at z~3

~100
Becker+2006 Av (km s™')
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Motivation: Searching for Low-
absorber at z = 6.0097 Mass Galaxies

Questions 3)
_______ |. Can we use models to interpret low- K:
ionization metal absorbers?
_______ 2. Are the absorbers galaxies (analogous to -
I DLAs) or enriched, neutral bits of IGM? !
33 3- How are their properties shaped by e
| hydrodynamic and radiative feedback!?

H11215.67
AL...I APl gl i o ang P
ol
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How Does Ol Relate to Neutral Gas?

100 pkpc




How Does Ol Relate to Neutral Gas?
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Takeaway
1Ol concentrates around halos, indicating a close
association with star formation.
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Reionization Suppresses the Cross-
Section for Low-lonization Metal
Absorption

e The fraction of the virial
cross section that is visible
in absorption declines

* The minimum mass for
appearing as an absorber
grows (similar to the
filtering mass)

KF+2013, submitted 1og(M,/M,)
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Reionization Suppresses the Cross-
Section for Low-lonization Metal
Absorption

e Characteristic host halo
mass grows

* M), < 107> Moforz > 6
® Thisis 10-100x less
massive than host halos of
LBGs/LAEs (e.g., Munoz &
Loeb 201 |; Ouchi+2010)!

dP/dlog,,(M,/My) | Ny, >10" cm~2

KF+2013, submitted log,,(M,/Mo)




How does the Ol absorber
abundance evolve!?

* The growth of new galaxies should drive the
abundance of absorbers up. Meanwhile,

e The encroachment of ionization fronts as
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Reionization Leads to Slow
Evolution in the Abundance of Low-
lonization Metal Absorbers

* Predicted abundance in
marginal agreement with
observations (given the
uncertainties!)




Reionization Leads to Slow
Evolution in the Abundance of Low-
lonization Metal Absorbers

1.2
Vo

s 8 e
\ hmin— 10° Mg, 0=0¢q,

1 :
20 observational range

0.8 \ © — * Predicted abundance in
NN D -ediction

marginal agreement with
observations (given the
uncertainties!)

~

r—— 90— 3

6 8 10

KF+201 3, submitted; observations from Becker+201 |



Ol Absorbers are sub-DLAs & DLASs

|Observable column
1(Becker+201 1)

]
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KF+2013, submitted log,,(N,,/cm™2)
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Is the z=7 Universe Partially Neutral?

v

83
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o

Lyd | Simcoe et al. 2012, Nature, 492, 79-82;
see also Mortlock+201 |

sk
Ol

—t
5
IIIIIIIIIIIIIIIIII

Si v Cv

Relative Fi

&)

Illllllllllllllllll

o
ik il
- O

Relative F/.‘

J L L L) Ll Ll

0 0.980 0.985 0.990
Observed A (um) Observed A (um)

o LEELEEY

Thursday, July 18, 13



Is the z=7 Universe Partially Neutral?

Nature, 492, 79-82;

lIllllIllllIllll

0.975 0.980 0.985 0.990
Av (km s™) Av (km s™) Observed l (p.m)

400 -200 0 200 400 7400 -200 O 200 400
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Is the z=7 Universe Partially Neutral?

Constraints by
Simcoe+2012.
The absorber in
the foreground of
ULAS]1120+064 |
IS Inconsistent
with arising in
halo gas.

VARV AR Y WA S S A |
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KF+2013, submitted log,,(N,,/cm™2)
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Takeaways: Ol Absorbers

* Simulations reproduce the observed absorber
abundance;

e Host halos have a characteristic mass of M, < 10 Mo:
central galaxies have Myy > -15atz > 6

= Absorbers are potentially a powerful test of models
that suppress star formation at these scales (Bouche
+2010; Krumholz & Dekel 2012; Kuhlen+2012, 201 3)
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Observational Constraints on
Hydrogen Reionization
...that have been invoked in models

Emissivity
Tiyoa; UV luminosity function; absorber abundance; GRB
rate; IR background fluctuations; X-ray background




Observational Constraints on
Hydrogen Reionization
...that have now tested models

Emissivity
Tiyo; UV luminosity function; absorber abundance; GRB
rate; IR background fluctuations; X-ray background
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Questions for Discussion

* The UV LF requires outflows. Outflows rule out
self-regulation. Models without self-regulation cannot

simultaneously match Ty« at z = 5—6 and Tcme. Is

there an astrophysical solution such as fesc(z) or
should we just hope that Planck will bring down Tcmg!?
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Questions for Discussion

* The UV LF requires outflows. Outflows rule out
self-regulation. Models without self-regulation cannot

simultaneously match Ty« at z = 5—6 and Tcme. Is
there an astrophysical solution such as fesc(z) or

should we just hope that Planck will bring down Tcmg!?

* How can we invoke other observations to constrain
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Questions for Discussion

* The UV LF requires outflows. Outflows rule out
self-regulation. Models without self-regulation cannot

simultaneously match Ty« at z = 5—6 and Tcmg. s
there an astrophysical solution such as fesc(z) or
should we just hope that Planck will bring down Tcmg!?

e How can we invoke other observations to constrain
| alax formatlon at z 67

'»_’-._.'|, l.
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