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Questions

•How should we compare 
statistics measured from LBG 
surveys at high z to theory?

Quantify the Light-cone Effect

Neighbors due to Clustering

•What does the detection of a 
single object tell us?



Light-cone Effect:
Overview

We know that:

But:

So the question is:

Each slice of a survey is seen at a different epoch.

Abundance of halos that produce galaxies 
varies exponentially with redshift!

How much does the light-cone affect the statistics 
of galaxies measured from these surveys?



Light-cone:
mental picture
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Figure 1: Estimated redshift distributions for fairly generic U , B, V , i, z, and J-dropout selections. The
standard suite of HST bands (e.g., F300W, F435W, F606W, F775W, F850LP, F110W) are used for these
selections.

in the characteristic scales on which star formation is occurring. This provides us with one of our first, most
direct evidences for the hierarchical buildup of galaxies early in the history of the universe (see also [14] and
[29]). Further refinements to the z ∼ 6 LF should be forthcoming over the next year due to the availability of
two additional deep fields to be taken with ACS (GO-10632).

3 First Detections of z ∼ 7 − 8 Galaxies

Extending the dropout search beyond z ∼ 6 requires the detection of objects in the infrared. This has been
difficult due to the well-known limitations of infrared technology and because z ∼ 7− 8 objects are likely to be
very faint. At z ∼ 6, the characteristic luminosity is nearly 0.7 mags fainter than at z ∼ 3. Extrapolated to even
higher redshift, these luminosities should be even fainter still, perhaps 0.3 L∗

z=3. In the H-band, this corresponds
to a magnitude of 27.3, which can only be reached in deep NICMOS studies and very deep ground-based studies
around massive lensing clusters.

The deep NICMOS imaging over the optical UDF provided us with one of our first opportunities to find
z ∼ 7− 8 galaxies. The 5σ limiting depths in these data were 27.6 in the J110-band and 27.4 in the H160-band.
Moreover, the optical data for this field were more than sufficient to set strong constraints on the z850-band
fluxes. Using a relatively aggressive set of detection criteria, we carried out a z850-dropout selection on these
data and found 5 z ∼ 7 − 8 candidates. Successive tests on our selection–including scattering experiments and
selection on the negative images–suggested that most of our 5 candidates were likely at z ∼ 7− 8 and there was
only one contaminant. We therefore adopted as our likely sample 4 fiducial candidates.

To assess the implications of this first statistical sample of z ∼ 7 − 8 objects, we generated no-evolution
predictions based upon a lower redshift z ∼ 3.8 B435-dropout sample[8] using our well-established cloning
machinery [1, 2, 9]. An important consideration in projecting these lower redshift samples to high redshifts was
the observed evolution in size [16, 5] and UV color [26, 10]. Running through these simulations, we estimated
that 14 objects would be found (if there was no-evolution from z ∼ 3.8). We compared this prediction with our
4 fiducial z-dropout candidates, given the expected small but non-zero contamination. This suggested that the
rest-frame UV (∼ 1600Å) luminosity density at z ∼ 7− 8 was just 0.28× that at z ∼ 3.8 (number weighted) or
0.20× the z ∼ 3.8 value (if we use a luminosity weighting).

Though a first estimate of the rest-frame UV luminosity density at z ∼ 7−8, our determination still suffered
from some substantial uncertainties, notably the Poissonian errors (±50%), cosmic variance (factor of 2), as
well as the overall contamination level (∼ 0 − 2 objects). This situation should improve substantially over the
next year using data from two HST programs: (1) a deep z850-dropout search in the field (GO-10632) and (2)
a similar search around seven massive lensing clusters (GO-10504 and GO-10699). Both should yield ∼ 5 − 10
z ∼ 7 − 8 candidates, substantially reducing uncertainties from our previously quoted estimates based on the
HUDF NICMOS footprint. Simultaneously, searches with large ground-based telescopes are ongoing and have
yielded a sizeable number of candidates, particularly around lensing clusters [21, 22].

4 Searches for z ∼ 10 Galaxies

The detection and confirmation of galaxies at z ∼ 10 appears to be significantly more difficult than even at
z ∼ 7 − 8. Though the additional distance plays a small role, by far the biggest challenge is their luminosity:
z ∼ 10 galaxies are expected to have very low luminosities, several times lower than at z ∼ 6 or z ∼ 7 − 8
[12, 13]. Even assuming no evolution in luminosity from z ∼ 7 − 8 to z ∼ 10, typical magnitudes for these
objects would be ∼28 in the H-band, suggesting that one would need to probe to very faint magnitudes indeed.

Bouwens & Illingworth (2006)



• Galaxies are distributed to 
lower redshifts than 
expected

• Abundances are boosted 
since objects are actually at 
lower z

• Shift/fractional boost 
increases with M/L

• Result: mass function is 
flattened

• Beware fitting or evolving 
resulting luminosity 
function!

Light-cone Effect:
mass function
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Neighbors:
Overview

We know that:

That implies:

So the question is:

MHRGs only exist in large over-dense regions.

Other galaxies should form more easily nearby!

Can we look for these neighbors as a z=6 test?
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FIG. 2: Three examples of random walks of δ(S) assuming each s step is independent as in the case

of a sharp k-space window function. The axes are arbitrary. The horizontal dotted line represents

some threshold value δc. Notice that trajectories may penetrate the “barrier” at δc many times.

then fall below δc by ∆S has not yet been accounted for.

Consider now, relating the distribution of δ at one value of the smoothing scale Π(δ, S)

to the distribution on a subsequent step Π(δ, S + ∆S) (smaller smoothing scale, larger S).

This is

Π(δ, S + ∆S) =
∫

d(∆δ) Ψ(∆δ; ∆S)Π(δ − ∆δ, S). (21)

Taylor expanding Eq. (21) for small transitions, keeping terms up to (∆δ2), and integrating

each term yields
∂Π

∂S
= lim

∆S→0

(

〈(∆δ)2〉
2∆S

∂2Π

∂δ2
− 〈∆δ〉

∆S

∂Π

∂δ

)

. (22)

Using the fact that the transition probability is a Gaussian with 〈∆δ〉 = 0 and 〈(∆δ)2〉 = ∆S

reveals
∂Π

∂S
=

1

2

∂2Π

∂δ2
(23)

as the relation governing the evolution of the probability distribution Π with smoothing

Neighbors:
excursion-set formalism

• Single observed galaxy 
pins down trajectory:    
δ(S(M)) = δcrit

• Consider distribution of δ 
in larger region

• Calculate mass function in 
over-dense region   
(Barkana and Loeb 2004)

• δ at a point is a random 
walk of contributions 
from Fourier modes on 
different scales



〈N (zab <25)〉 ∼ 8

Neighbors:
HUDF-JD2 (Mobasher et al. 2005)

P (N = 0) ∼ 0.003

No such LBGs found 
in HUDF!

(Bouwens et al. 2006)

Muñoz & Loeb 2008a



How should we compare LBG 
observations to theory?

What can a single massive galaxy imply?

Summary

• Statistics/mass function from large Δz surveys 
don’t compare directly to theory

• Galaxies distributed toward lower z
• Mass function in flattened

• More spectroscopic redshifts

• MHRGs are like cockroaches!

• If you see one, there are probably more

• Generic neighbors test
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