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The Reionization Epoch with HST
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Here: Focus on Reionization by 
Galaxies and on Hubble’s Horizon
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Installation of WFC3 on HST

 6.5x larger field-of-view than previous NIR camera 
(NICMOS)

 3-4x more sensitive than before
 2x higher spatial resolution

➡ ~40x more efficient to explore the high-redshift universe
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0.25 arcmin

J110  NICMOS HUDF

72 orbits
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0.25 arcmin

J125  WFC3/IR HUDF

34 orbits
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Progress on z>6.5 Samples with WFC3/IR 

NICMOS: 12 galaxies (10 years of observations)

WFC3/IR: 20 galaxies (1st week of observations)

WFC3/IR: >100 galaxies (2 years of data)

(1st yr)
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WFC3/IR’s Resolution => Structure/Sizes
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Oesch et al. 2010b
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Evolution of UV LF to z~8
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Main Evolution: only in M* (0.33 mag per unit z)

Bouwens et al. 2011b ( ApJ accepted)
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Are Galaxies Responsible for Cosmic 
Reionization?

WMAP predicts mean redshift of reionization at 10.6
(τ = 0.088 ± 0.015; Komatsu+ 2011)
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The Ionizing Flux Density from Galaxies
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Faint contribution: Have to 
extrapolate to below detection limits

 
? 

With these steep faint-end slopes as 
observed: luminosity density completely 
dominated by faint galaxies

No problems to -17: 
Just integrate observed LF!

Bouwens et al. 2011b (ApJ accepted)
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Where is the Faint-End Cutoff?
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Outflows and Photoheating at High Redshift 13

Fig. 10.— The simulated rest-frame ultraviolet continuum
LF including dust for simulations with/without outflows and
with/without an EUVB at two different redshifts (see the legend
for the line styles). We exclude galaxies with fewer than 64 star
particles. Simulated errors are Poisson. The top axis indicates
the integration time for a 5σ detection in the F200W band of
JWST in units log10(t/sec). Data are from Bouwens et al. (2011b)
and McLure et al. (2010). Both outflows and an EUVB suppress
the normalization of the LF into improved agreement with obser-
vations at z ≤ 7. Even in the presence of strong feedback, the LF
continues to rise steeply below current observational limits.

early. Our predicted amplification would probably con-
verge with theirs at lower redshifts although we have not
evolved our simulations past z = 5.

4. OUTFLOWS AND PHOTOHEATING II:
OBSERVATIONAL IMPLICATIONS

In this section, we study how outflows and photoheat-
ing impact the UV continuum LF of galaxies during the
reionization epoch. We will show that simulations with-
out outflows overproduce the observed LF while simula-
tions that include outflows are in reasonable agreement.
In both cases, an EUVB suppresses the LF normalization
by less than 30%. Meanwhile, the LF is not expected
to flatten at luminosities brighter than M1600 = −13,
roughly a factor of 100 fainter than current observational
limits at z = 6.

4.1. Normalization of the Luminosity Function

In Figure 10, we show how outflows and photoheating
impact the predicted LF at two representative redshifts.
Intuitively, models that predict more strongly suppressed
baryon fractions (see Figure 4) also predict more strongly
suppressed LFs. The no-feedback model predicts the
highest galaxy abundance within the errors. Next is the
EUVB-only model, whose LF is suppressed by ≤ 0.2 dex
at all sampled luminosities. The third curve corresponds
to the wind-only model, whose LF is suppressed by a
factor of ≈ 2 at all luminosities. The effect is roughly
as strong on bright sources partly because hierarchical
growth spreads the impact on smaller objects into larger
ones, and partly because we assume that outflows are ac-
tive at all resolved masses. Finally, including both out-

Fig. 11.— The predicted LF at z = 6. Upper solid and dotted
curves are from our fiducial and high-resolution volumes, respec-
tively, in simulations without any feedback. Lower long-dashed and
dot-dashed curves are from simulations of the same volumes that
include both outflows and an EUVB. For each simulation curve,
heavy and light versions indicate the predicted LFs including only
galaxies with ≥ 64 star particles and all galaxies, respectively. All
curves are smoothed with a boxcar 1 magnitude wide. The top
axis indicates the integration time for a 5σ detection in the F200W
band of JWST in units log10(t/sec). Resolution limitations boost
the luminosities in the fiducial simulation including feedback (lower
long-dashed blue) by a factor of 2–3. The predicted LF rises until
at least M1600 = −13, a factor of 100 fainter than current obser-
vational limits at z = 6 (M1600 ≈ −18).

flows and an EUVB suppresses the galaxy abundance at
all luminosities by a total factor of 2–3.
We also compare these predictions to recent con-

straints on the reionization-epoch LF (McLure et al.
2010; Bouwens et al. 2011b). At z = 7, the simulation
including only an EUVB overproduces the observed LF
in the regime where the simulated and observed ranges
overlap and the simulation’s Poisson errors are not large
(M1600 ≈ −18). This confirms previous indications that
observations require strong hydrodynamic feedback even
at early times (Davé et al. 2006). Including outflows
brings the predicted LF into agreement with observa-
tions, but now the EUVB’s imprint is weak compared to
current observational errors. The observed LF at z = 7
has sufficiently large uncertainties that the wind-free sim-
ulations are only inconsistent with it at the 1–3σ level at
any luminosity, but the fact that the offset is systematic
argues strongly that it is real. At z = 6, the qualita-
tive impact of different feedback effects is the same, but
now observations at the faintest luminosities strongly fa-
vor models that include outflows. As before, the imprint
of a realistic EUVB at observable luminosities is weak
compared to uncertainties.
The predicted LFs in Figure 10 are affected by the res-

olution effects discussed previously. In order to evaluate
the strength of these effects, we compare in Figure 11 the
predicted LFs from our fiducial and high-resolution sim-
ulations at z = 6. Light and heavy curves show the LFs
obtained from the complete simulated galaxy catalogs
and when we exclude simulated galaxies with fewer than

Finlator et al. 2011

•Halos with T=104-5 K are affected by UV background

•Halos below T=104 K can only cool in H2

L204 TRENTI ET AL. Vol. 714

Figure 1. Upper right: calibration of the CLF/ICLF models with the Bouwens et al. (2007) LF (z = 6). Upper left: ε
(eff)
DC (Mh, z) for ICLF model (∆t = 200 Myr).

Lower panels: galaxy luminosity vs. dark-matter halo mass at z = 6 (black solid line, with blue-shaded area representing the 68% confidence region). Green-dotted
line indicates luminosity limit z = 6 observations in the HUDF. Left CLF and right ICLF.
(A color version of this figure is available in the online journal.)

Table 1
LF Evolution

Redshift CLF Model ICLF200 Myr Model Observations

(φ∗)−3
a M∗ α (φ∗)−3

a M∗ α (φ∗)−3
a M∗ α

Input LF

z = 6 1.4 −20.24 −1.74 1.4 −20.24 −1.74 1.4 ± 0.5 −20.24 ± 0.19 −1.74 ± 0.16

Predicted LF

z = 4 3.4 −20.81 −1.60 1.3 −20.90 −1.57 1.3 ± 0.2 −20.98 ± 0.10 −1.73 ± 0.05
z = 5 2.3 −20.51 −1.66 1.5 −20.55 −1.63 1.0 ± 0.3 −20.64 ± 0.13 −1.66 ± 0.09
z = 7 0.69 −20.00 −1.84 1.0 −20.00 −1.84
z = 8 0.36 −19.75 −1.89 0.60 −19.70 −1.90
z = 9 0.14 −19.50 −1.99 0.22 −19.55 −2.22b

Notes. Best-fit Schechter parameters for LFs in Figure 2 (second to fourth column: CLF model; fifth to seventh column: ICLF; last three
columns: Bouwens et al. 2007 measurements). Fit holds for −22.5 ! MAB ! −18. Relative residuals are "20%.
a Units: 10−3 Mpc3.
b Asymptotic faint-end slope is α ∼ −2.

CLF method. As expected from past studies (Cooray 2005;
Lee et al. 2009), the standard CLF model fails to match the
observed LF at z ! 5 primarily because of strong evolution in
φ∗ [φ∗(z = 4)/φ∗(z = 6) ∼ 2.4]. The ICLF model predicts
instead quasi-constant φ∗, because the comoving formation rate
per unit time for halos hosting faint (L " L∗) galaxies remains

approximately constant between z = 6 and z = 4. The ICLF
results are fully consistent with the observed z = 5 LF, and
with the bright-end at z = 4. However, the faint-end slope
at z = 4 is underestimated at ∼3σ (predicted α # −1.6
versus α = −1.73 ± 0.05 measured). This clearly indicates
that our simple assumption ∆t = 200 Myr is no longer valid

Trenti et al. 2011

lower luminosity cut-off in the range: MAB = -10 to -13
(but see also M. Kuhlen’s talk!)

➡ 

104 K halos host MAB = -10 galaxies
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Correcting from Observed to Total LD
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+1σ

-1σ

z~7 best-fit

 Total: integrated down to M = -10

 Corrections change by almost an 
order of magnitude within currently 
allowed 1σ range of faint-end slope

 Future effort: constrain this better!

Assume α = const
and extrapolate LF trends
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Inferred Reionization History

13

 A steep faint-end slope makes it easy for 
the faint (undetected) galaxy population 
to complete reionization above z>6

 But: optical depth to electron scattering 
is below measured values from WMAP 
by 1.5σ

zreion ~ 7.5

Additional assumptions:
clumping factor = 3

relative escape fraction = 20%

zreion(WMAP) ~ 10.6

M
lim = -10

M
lim = -17

Thomson optical depth of model: τe ~ 0.066

WMAP measurement: τe = 0.088 ± 0.015 Q
H
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Steepening in Faint-End Slope with Redshift?
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Tentative evidence for steeper faint-end 
slopes at higher z

(also seen in many simulations/theoretical models)
Required optical depths can be achieved since 
τe very sensitive to changes in faint end slope

However: Need to better constrain evolution of faint end slope with redshift!➡ 

A possible way to get more photons

Thus: faint galaxies are consistent with being capable of driving reionization.➡ 

Bouwens et al. 2011c (submitted to ApJL)
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The Horizon of the Hubble Space Telescope:
Constraints on the z~10 Galaxy Population
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Pushing the Frontier to z~10

 At z~8: neutral IGM starts affecting J125

 Can select z>9.5 galaxies as J-dropouts based on red J125-H160 colors

 Very challenging:
 z~10 galaxies expected to be extremely faint 
 single band detections
 low-z dusty galaxies can exhibit similar colors
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Requirements on Data

deep J125 and H160

deeper data shortward of Lyα break 
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Bouwens et al. Nature, January 2011
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The z~10 Candidate in the HUDF
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 Very faint: HAB=28.8±0.2
 Small chance of being spurious:

 It is detected at ~6σ
 It is visible at >2.5σ in 4 

independent splits of the data

 Blue UV continuum: not 
detected in very deep IRAC data

All Year 1 Year 2 Epoch 1 Epoch 2
Year 1

Epoch 3 Epoch 4
Year 2

53 28 25 13 13 13 14

UDFj-39546284

– 7 –

30. Schiminovich, D., et al. The GALEX-VVDS Measurement of the Evolution of the Far-

Ultraviolet Luminosity Density and the Cosmic Star Formation Rate. Astrophys. J. Lett 619,

47-50 (2005).

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
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Figure 1. Optical and near-infrared images of the candidate z ≈ 10 galaxy, UDFj-39546284, from

the HUDF. Top row: the leftmost panel shows the HUDF ACS (V606i775z850) data26; the next
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Extended z~10 Search

 CDFS offers perfect data for 
z~10 search

 Large amount of public optical 
(ACS) and NIR (WFC3) data
 HUDF09
 ERS
 CANDELS (Deep & Wide)

 Total of 160 arcmin2

 Reach to 26.9 - 29.4 AB mag
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Our first analysis included only these two fields:
Bouwens et al., Nature, 2011

More than triple the search area 
both for bright and faint sources➡ 
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Low-Redshift Contaminants
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 16 sources are found satisfying our HST selection criteria
 15 out of these are dusty/evolved sources at intermediate redshift (z~2-4)
 These are identified by strong Spitzer IRAC detections (H160-[3.6]>2)

ACS WFC3/IR IRAC 
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Such red intermediate redshift sources 
appear to have a peaked LF

However: Beware of z~10 selections 
without Spitzer coverage

Therefore: only our previous z~10 
candidate from the HUDF found in full data 
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Constraints on z~10 LF
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 Assume no evolution in galaxy population 
from z~8 to z~10: 
expect 25 z~10 sources

 Extrapolate low-z LF trends (c.f. Garth’s 
talk) to z~10:
expect to see 6 sources

 Even including cosmic variance: chance of 
finding one when expecting 6 is only ~6%
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Constraints on z~10 LF (II)
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Accelerated Evolution of the UV Luminosity

Rapid build-up of UV luminosity in galaxies within only 170 Myr

But: result is still uncertain (due to only 1 detection)
needs confirmation with future deeper data (JWST!)
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Summary

25

 The total flux density in ionizing photons is very sensitive to the faint-end slope.   
Given current uncertainties in the slope, deeper observations are absolutely 
necessary.

 The faint-end slopes measured at z≥6 are very steep and show weak trends to 
steepen towards high redshift. Therefore, galaxies below the current detection 
limits are consistent with being capable of reionizing the universe. 

 Only 1 viable z~10 candidate identified so far in current WFC3/IR data over 
CDFS. The upper limits on the z~10 UV LF are significantly below extrapolation of 
observed trends

 Indicates accelerated evolution of UV LF at M<-18 at z>8, at 2σ significance, 
including cosmic variance. The 170 Myr from z~10 to z~8 appears to be a time of 
rapid change in the galaxy population.

 Need JWST to further constrain accelerated evolution. z>8 is JWST territory.


