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- The formation of dark matter haloes can be successfully described by 
analytical models and by N-body simulations. 

- However, the galaxy formation 
process itself remains poorly 
understood.

- One way to investigate the 
astrophysical connection between 
dark matter haloes and galaxies is 
by comparing the clustering in 
models with the clustering 
estimated from galaxy observations. 



Credits: Rychard Bouwens

1.2 Lyman-break galaxies (LBGs)
- To investigate high-redshift (z>3) galaxies Lyman-break 
technique is broadly used. 

- LBGs are star-forming galaxies, 
detected by the spectral feature 
formed because rest-frame far 
UV emission is absorbed (below 
912 Å) by neutral hydrogen. 

- Since the original work of 
Steidel et al. (1996) at z ∼ 3, 
researchers have extended this 
technique to select galaxies up to 
z ∼ 10.
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- Bouwens et al. (2014) identified 
LBGs up to z ∼ 10 in combined 
survey fields consisting of the Hubble 
eXtreme Deep Field (XDF) and 
CANDELS fields, which are the 
deepest existing surveys. 

- Recently the number of high-redshift galaxies observed has increased 
dramatically.

Bouwens et al. (2012)

- Barone-Nugent et al. (2014) studied 
clustering properties using Bouwens’ 
samples by measuring the angular 
correlation function (ACF).
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2. Galaxy formation model
Semi-analytical model 

(GALFORM)

Dark Matter Simulation: 
MILLENNIUM-II 

1003 h-3Mpc3 box size

 Galaxy formation physics:

•the growth of galactic discs
•star formation in galactic discs
•feedback processes
•chemical evolution of stars
•…

Lagos et al. (2012)

+

Image credits: Jaehong Park

z=7.3
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There is other information (i.e., from IRAC or the
near-IR SED) which could also be valuable for refining
the redshift estimates for individual sources or discrimi-
nating against low-mass stars. However, effectively using
this information requires careful calibration against real
sources or low mass stars (e.g., Bowler et al. 2012; Tilvi
et al. 2013; R. Smit et al. 2014, in prep). The positive
aspect of color selection techniques is that it encourages
one to develop a strategy for optimal use of the avail-
able information to discriminate between high and low
redshift cases.12

3.2.2. XDF, HUDF09-1, HUDF09-2, CANDELS-South,
CANDELS-North

We have constructed our two-colour selection criteria
so that the lower-redshift boundary is approximately the
same for sources independent of their spectral slope. For
those areas with Y105-band imaging observations, i.e., the
XDF, HUDF09-1, HUDF09-2, CANDELS-South, and
CANDELS-North data sets, the selection criteria we uti-
lize to accomplish this are

(B435 − V606 > 1) ∧ (i775 − J125 < 1) ∧

(B435 − V606 > 1.6(i775 − J125) + 1)

for our z ∼ 4 selection,

(V606 − i775 > 1.2) ∧ (z850 −H160 < 1.3) ∧

(V606 − i775 > 0.8(z850 −H160) + 1.2)

for our z ∼ 5 selection,

(i775 − z850 > 1.0) ∧ (Y105 −H160 < 1.0) ∧

(i775 − z850 > 0.777(Y105 −H160) + 1.0)

for our z ∼ 6 selection,

(z850 − Y105 > 0.7) ∧ (J125 −H160 < 0.45) ∧

(z850 − Y105 > 0.8(J125 −H160) + 0.7)

for our z ∼ 7 selection,

(Y105 − J125 > 0.45) ∧ (J125 −H160 < 0.5) ∧

(Y105 − J125 > 0.75(J125 −H160) + 0.525)

for our z ∼ 8 selection, and

(J125 −H160 > 1.2) ∧ ((H160 − [3.6] < 1.6) ∨

(S/N([3.6]) < 2))

for our z ∼ 10 selection, where ∧ and ∨ represents the
logical AND and OR symbols, respectively, and S/N
represents the signal to noise. These color criteria are
illustrated in Figure 2.
In Oesch et al. (2013a), we made use of a somewhat

more inclusive J125 −H160 > 0.5 color criterion for our
z ∼ 9-10 sample. This allowed us to identify two ad-
ditional candidate z ∼ 9 galaxies over the CANDELS-
North and CANDELS-South fields, where the deep Y105-
band observations allow for a more reliable rejection of
lower-redshift interlopers.

12 One potential danger of automated photometric redshift se-
lections is the temptation to blindly rely on a set of SED templates,
an SED fitting code, and priors to optimally discriminate between
the many possible interpretations of a source (though color-selected
samples suffer from similar dangers, if not used with care). This can
lead one to rely on priors (or templates) which may be poorly cali-
brated or not to consider alternate and potentially superior strate-
gies.

In applying these criteria, in cases of a non-detection,
we set the flux in the dropout band to be equal to the
1σ upper limit.
In isolation, the criteria we describe above would allow

for the selection of sources at least one unit higher in red-
shift than our desired high-redshift boundaries for these
selections (e.g., our z ∼ 4 selection criteria could allow
us to select sources from z ∼ 3.5 to z ∼ 5.5). Fortu-
nately, we can impose a high-redshift boundary for each
of our selections by explicitly requiring that sources not
satisfy the selection criteria for the sample just above
it in redshift. This ensures that our selections are both
essentially complete and disjoint from one another.
To keep contamination from lower redshift sources to

a minimum, we require that sources in our z ∼ 5 and
z ∼ 6 selections be undetected (< 2σ) in B435-band
imaging data for our fields, if it is available. For our
z ∼ 6 selections, we require the V‘606 − z850 color to be
redder than 2.6 or for sources to be undetected (< 2σ)
in the V606-band imaging data (similar to Bouwens et al.
2006). For our z ∼ 7-10 selections, we calculate an opti-
cal “χ2” for each candidate source (Bouwens et al. 2011),
as χ2

opt = ΣiSGN(fi)(fi/σi)2 where fi is the flux in band
i in a consistent aperture, σi is the uncertainty in this
flux, and SGN(fi) is equal to 1 if fi > 0 and −1 if fi < 0.
The B435V606i775 flux measurements (where available)
were used in calculating χ2

opt for our z ∼ 7 selections,
while the B435V606i775I814 and B435V606i775I814z850Y105
observations were used in computing χ2

opt for our z ∼ 8
and z ∼ 10 selections. χ2

opt is computed on the basis of
the flux measurements in 0.2′′-diameter apertures, 0.35′′-
diameter apertures, and small-scalable apertures in ex-
cess of 3, 4, 3, respectively, were excluded from our selec-
tions. An even lower threshold of 2 for χ2

opt was used in
selecting z ∼ 7-8 sources over the HUDF09-1 field, due
to the lack of B435-band observations over that field.
For our deepest field the XDF, sources are required

to be detected at 5σ in a χ2 stack of all the HST
observations redward of the break (in a fixed 0.36′′-
diameter aperture). This is to ensure source reality. For
sources over the deep HUDF09-1 and HUDF09-2 fields
and the wider-area CANDELS and ERS fields, we re-
quire sources be detected at 5.5σ. For sources over the
BORG/HIPPIES fields, we require sources to be detected
at 6σ. Our use of more stringent criteria for our shallower
fields is quite reasonable, given the much smaller num-
ber of exposures in these data and therefore noise that is
less-Gaussian in its characteristics (e.g., see Schmidt et
al. 2014).13

For sources that are at least 1 magnitude brightward
of the nominal detection limit for our samples (i.e., 26.5
mag for the CANDELS/Wide data sets, 27.0 mag for the
CANDELS/DEEP data sets, 28.0 mag for the HUDF09-
1+HUDF09-2 data sets, and 28.5 mag for the XDF data
set), the SExtractor stellarity parameter for sources is
required to be less than 0.9 (where 0 corresponds to very
extended sources and 1 corresponds to point source).

13 While we could increase the total number of sources in our
selections somewhat by searching for sources at lower significance
levels, these sources are not of substantial value for current LF
determinations, given the considerable uncertainties in correcting
for both the incompleteness and contamination expected for such
samples.

Bouwnes et al. (2014) 
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TABLE 1
Observational Data Utilized in Deriving the z ∼ 4-10 LFs.*

5σ Deptha

Area CFHT+
Field (arcmin2) Subaru B435 V606 i775 I814 z850 Y098/Y105 J125 JH140 H160

XDFb 4.7 — 29.8c 30.3c 30.3c 29.1 29.4c 30.3 29.8 29.8 29.8
HUDF09-1 4.7 — — 29.0 29.0 — 29.0 29.0 29.3 26.7d 29.1
HUDF09-2 4.7 — 28.8 29.9 29.3 29.8 29.2 29.2 29.5 26.7d 29.3

CANDELS-S/Deep 64.5 — 28.2 28.5 28.0 28.8 28.0 28.5 28.6 26.7d 28.4
CANDELS-S/Wide 34.2 — 28.2 28.5 28.0 28.1 28.0 28.0 28.0 26.7d 27.7

ERS 40.5 — 28.2 28.5 28.0 28.0 28.0 27.9 28.4 26.7d 28.1
CANDELS-N/Deep 62.9 — 28.2 28.5 28.0 28.8 28.0 28.5 28.6 26.7d 28.4
CANDELS-N/Wide 60.9 — 28.2 28.5 28.0 28.0 28.0 28.0 27.6 26.7d 27.6
CANDELS-UDS 151.2 28.9e — 28.0 — 28.0 — — 27.3 26.7d 27.5

CANDELS-COSMOS 151.9 29.2e — 27.8 — 27.9 — — 27.3 26.7d 27.5
CANDELS-EGS 150.7 28.7e — 28.5 — 28.5 — — 27.5 26.7d 27.7
BORG/HIPPIESf 218.3 — — 27.0-28.7 — — — 26.5-28.2 26.5-28.4 — 26.3-28.1

* More details on the observational data we use for each of these search fields is provided in Appendix A.
a The 5σ depths are based on the light within a 0.35′′-diameter aperture. No correction is made for the light outside this aperture.
This is in contrast to many other studies where the quoted depths are corrected for the missing light (which can result in a ∼0.3 mag
and ∼0.5 mag correction to the quoted depths for the ACS and WFC3/IR data, respectively, but depend upon the profile assumed).
b The XDF refers to the 4.7 arcmin2 region over the HUDF with ultra-deep near-IR observations from the HUDF09 and HUDF12
programs (Illingworth et al. 2013). It includes all ACS and WFC3/IR observations acquired over this region for the 10-year period
2002 to 2012.
c The present XDF reduction (Illingworth et al. 2013) is typically ∼0.2 mag deeper than the original reduction of the HUDF ACS
data provided by Beckwith et al. (2006).
d The JH140 observations are from the 3D-HST and GO-11600 (PI: Weiner) programs.
e Total sensitivity assuming a flat fν source and adding in quadrature all the ground-based optical data we consider.
f Only the highest quality (longer exposure) BORG/HIPPIES fields are considered in our analysis (see Appendix A.5). For inclusion,
we require search fields to have an average exposure time in the J125 and H160 bands of at least 1200 seconds and with longer exposure
times in the optical V606 +V600LP bands than the average exposure time in the near-infrared J125 +H160 observations. This data set
also includes similar observations obtained by the COS GTO team, follow-up of the putative BORG protocluster (Trenti et al. 2012a;
Schmidt et al. 2014), and WFC3 parallels to Abell 1689 (GO 11710: Alamo-Mart́ınez et al. 2013).

z ∼ 4 determinations by Steidel et al. (1999), based on a
wide-area (0.23 degree2) photometric selection and spec-
troscopic follow-up campaign. Steidel et al. (1999) de-
rived essentially identical LFs for galaxies at both z ∼ 3
and z ∼ 4, pointing towards a broader peak in the star
formation history extending out to z ∼ 4, finding no evi-
dence for the large decline that Madau et al. (1996) had
reported between z ∼ 3 and z ∼ 4.
Following upon these early results, there was a push to

measure the UV LF to z ∼ 5 and higher (e.g., Dickin-
son 2000; Ouchi et al. 2004; Lehnert & Bremer 2003).
However, it was not until the installation of the Ad-
vanced Camera for Surveys (Ford et al. 2003) on Hubble
Space Telescope in 2002 that the first substantial explo-
rations of the UV LF at z ∼ 6 began. Importantly,
the HST ACS instrument enabled astronomers to obtain
deep, wide-area imaging in the z850 band, allowing for
the efficient selection of galaxies at z ∼ 6 (Stanway et
al. 2003; Bouwens et al. 2003b; Dickinson et al. 2004).
Based on z ∼ 6 searches and the large HST data sets
from the wide-area GOODS and ultra-deep HUDF data
sets, the overall evolution of the UV LF was quantified
to z ∼ 6 (Bouwens et al. 2004a; Bunker et al. 2004; Yan
& Windhorst 2004; Bouwens et al. 2006; Beckwith et al.
2006). The first quantification of the evolution of the
UV LF with fits to all three Schechter parameters was
by Bouwens et al. (2006) and suggested a brightening
of the characteristic luminosity with cosmic time. Most
follow-up studies supported this conclusion (Bouwens et
al. 2007; McLure et al. 2009; Su et al. 2011: though Beck-
with et al. 2006 favored a simple φ∗ evolution model with
no evolution in α or M∗).

The next significant advance in our knowledge of the
UV LF at high redshift came with the installation of the
Wide Field Camera 3 (WFC3) and its near-IR camera
WFC3/IR on the Hubble Space Telescope. The excel-
lent sensitivity, field of view, and spatial resolution of
this camera allowed us to survey the sky ∼40× more effi-
ciently in the near-IR than with the earlier generation IR
instrument NICMOS. The high efficiency of WFC3/IR
enabled the identification of ∼200-500 galaxies at z ∼ 7-
8 (Bouwens et al. 2011; Finkelstein et al. 2012; McLure et
al. 2013), whereas only ∼20 were known before (Bouwens
et al. 2008, 2010b; Oesch et al. 2009; Ouchi et al. 2009).
While initial determinations of the UV LF at z ∼ 7-8 ap-
peared consistent with a continued evolution in the char-
acteristic luminosity to fainter values (e.g., Bouwens et
al. 2010a; Lorenzoni et al. 2011), the inclusion of wider-
area data in these determinations quickly made it clear
that some of the evolution in the LF was in the volume
density φ∗ (e.g., Ouchi et al. 2009; Castellano et al. 2010;
Bouwens et al. 2011b; Bradley et al. 2012; McLure et al.
2013) and in the faint-end slope α (Bouwens et al. 2011b;
Bradley et al. 2012; Schenker et al. 2013; McLure et al.
2013).
With the recent completion of the wide-area CAN-

DELS program (Grogin et al. 2011; Koekemoer et al.
2011) and availability of even deeper optical+near-IR ob-
servations over the HUDF from the XDF data set (Illing-
worth et al. 2013; Ellis et al. 2013), it seems relevant to
revisit determinations of the UV LF from z ∼ 10 to z ∼ 4
to more precisely quantify the evolution. First, the addi-
tion of WFC3/IR observations to legacy fields with deep
ACS observations allows for an improved determination

2.1 Selecting LBGs
- We select LBGs using the colour selection criteria described in 
Bouwens et al. (2014)

- We also consider observational flux limits for model galaxies.

-  We apply the colour selection criteria to galaxy catalogues in 
sequential snapshots from z=2.83 to 5.29.
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2.1 Selecting LBGs

The predicted redshift distributions from the model are comparable 
with observations.

- Redshift distribution

Observations

Park et al. (in preparation)
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3.1 Angular Correlation Function (ACF)
- Angular correlation function (ACF) provides information of 
clustering by measuring excess probabilities of galaxy pairs compared 
with a random distribution as a function of angular separations. 

2 CALCULATING ANGULAR CORRELATION FUNCTION

Figure 1. Redshift distribution of selected galaxies. Dashed line
represents redshift distribution of bright galaxies, MAB(1500Å) −
5log(h) = −18.54.

2. Angular Correlation Function

The Limber’s equation is given by

(2) w(θ) =
2
∫

∞

0
[N(z)]2 /RH(z)

(

∫ 2r

0
du ξ(r12, z)

)

dz
[∫

∞

0
N(z)dz

]2
,

where N(z) is the redshift distribution of selected galaxies and RH(z) is the hubble
radius. For comoving distances r1 and r2 of a pair of galaxies, we denote u = r1−r2,
r12 =

√
u2 + r2θ2 and r = r1+r2

2
.

To calculate the Limber’s equation, we use the real space correlation function
from nine snapshots which spans from z = 2.83 to 5.29, and applied the redshift
distribution, N(z). N(z) can be written by,

(3) N(z) = n(z)
d2V

dzdΩ
,

where n(z) is the comoving number density and d2V/dz/dΩ is the comoving volume
per solid angle per redishift interval. Figure 1 shows the redshift distribution of
surface density.

Figure 2 shows the ACF. Red solid line is the ACF calculated by new method
which uses sequential snapshots. During integration in the Limber’s equation, I
apply different ξ(r12, z) corresponding to the integration range over z. Figure 3
shows the real space correlation functions at each redshifts.

2.1. Bright galaxies. I calculated the ACF with bright galaxies. I selected bright
galaxies following Barone-Nugent et al. (2014), MAB(1500Å)− 5log(h) = −18.56.

The Limber’s equation (Limber 1954) relates the real space 
correlation function,      .

2 Jaehong Park et al.

Figure 1. Redshift distributions of selected LBGs, which are applied di↵erent flux limits of observational survey fields. The redshift

distributions are normalised by dividing N(z) by the maximum N(z) value of total LBGs. Solid (black), dashed (blue) and dotted (red)

lines represent total, bright and faint LBGs at each field.

LBGs, which are applied di↵erent flux limits of observational
survey fields. To compare values of N(z) from di↵erent sur-
vey field, the redshift distributions are normalised by divid-
ing N(z) by the maximum N(z) value of total LBGs. Shapes
of total N(z) are similar in all fields. On the other hand, the
shapes of bright and faint LBGs are changed depending on
the flux limit of the survey field.

4 ANGULAR CORRELATION FUNCTION

From the simulation, the real space correlation function can
be directly calculated by

Put the ⇠(r) equation and explain about this.
To compare with the observational result, we derive the

angular correlation function (here after ACF) by inverting
the real space correlation function using the Limber’s equa-
tion (Limber 1954). The Limber’s equation is given by

w(✓) =
2
R1
0

[N(z)]2 /RH(z)
⇣R 2r

0
du ⇠(r12, z)

⌘
dz

⇥R1
0

N(z)dz
⇤2 , (2)

where N(z) is the redshift distribution of selected galaxies
and RH(z) is the hubble radius. For comoving distances r1
and r2 of a pair of galaxies, we denote u = r1 � r2, r12 =p
u2 + r2✓2 and r = r1+r2

2
.

In this study, because we only use one simulation output
at z = 3.86, equation (2) simply becomes

w(✓) =
2

RH(z)

Z 2r

0

du ⇠(r12, z). (3)

In figure (3), we show the predicted ACF (solid red line)
from the simulation. The predicted ACF is in a good agree-
ment with the observed ACF. In small angular separation

Table 1. Estimated r0, � values for the ACF in the observation

and the simulation.

r0 �

Barone-Nugent et al. (2014) 3.5+0.2
�0.2 0.6

Selected LBGs 3.43 0.51

(✓ < 5 arcsec), however, the observed ACF shows higher am-
plitude than that of the best fitting power-law ACF, which
is also obtained from the observation. Lee et al. (2006) also
reported the same trend at z ⇠ 4 and z ⇠ 5, which implies
enhanced spatial clustering. On the other hand, the pre-
dicted ACF from the simulation does not show this trend.
In addition, McLure et al. (2009) did not find a significant
enhanced clustering in small angular separation at z ⇠ 5
and z ⇠ 6.

Explain 1 and 2 halo term The enhanced ampli-
tude in small angular separation indicates the enhanced 1-
halo term. This fact can be interpreted either that satellite
galaxies really play an important role on the ACF or that
the e↵ect of satellite galaxies is relatively magnified due to
missing central galaxies.

5 SUMMARY AND CONCLUSIONS

Acknowledgments HSK is supported by a Super-Science
Fellowship from the Australian Research Council. JSBW ac-
knowledges the support of an Australian Research Council
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3.1 ACF

Overall, the predicted ACFs are in good agreement with both the measured 
ACFs and the combined ACF. 

Park et al. (in preparation)
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3.1 ACF
- Clustering depend on luminosity.

- Barone-Nugent et al. (2014) 
split sample into bright and faint 
subsamples at MAB(1500) − 
5log(h) ~ −18.5.

- Clustering strength is known 
to depend on luminosity 

Park et al. (in preparation)
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3.1 ACF
- Clustering depend on luminosity.

- We divide the model LBGs 
into six magnitude bins 
considering the flux limits for 
XDF.

Park et al. (in preparation)

Generally, brighter model LBGs have a higher clustering amplitude 
than fainter ones.

- Barone-Nugent et al. (2014) 
split sample into bright and faint 
subsamples at MAB(1500) − 
5log(h) ~ −18.5.

- Clustering strength is known 
to depend on luminosity 
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3.1 ACF

Lee et al. (2006)

- Enhanced clustering amplitude on small scales

The angular correlation amplitude 

The correlation slope

- On large scales the observed 
ACFs can be approximated by a 
power-law parameterisation.

- However, the measured ACFs 
have shown an enhanced 
clustering amplitude on small 
scales. 
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3.1 ACF

The fraction of satellite LBGs is important for determining the amplitude 
of ACF at small scales.

Deep field

Shallow field

- The measured ACF 
also shows an enhanced 
clustering amplitude on 
small scales. 
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Park et al. (in preparation)

- The predicted ACFs 
for deep fields show 
more enhanced 
clustering amplitude on 
small scale.

7.4%
7.0%
6.4%
5.8%

Fraction of satellite LBGs
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- Halo occupation distribution describes the average numbers of 
galaxies as a function of a host halo mass.

- A simple parametric form for the average number of galaxies is

Mmin: the minimum mass of haloes that host galaxies

M1: the typical halo mass at which there is one galaxy on average.

    : the power-law slope which is related to the abundance of satellite 
galaxies. 

-  HOD is a useful way to understand the connection between dark 
matter halo and galaxy by comparing a correlation function between 
observation and the HOD modelling.

14/163.2 Halo occupation distribution (HOD)

Advanced Workshop on Cosmological Structures from Reionization to Galaxies, ICTP, Trieste, Italy, 2015



3.2 Halo occupation distribution (HOD)

Park et al. (in preparation)

This sudden drop could be caused by AGN feedback since AGN 
feedback suppresses star formation in high-mass haloes. 
Central galaxies in massive halo are not always LBGs. This is in 
contrast to the HODs interpreted from observations.
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4. Summary
* We predict the angular correlation function (ACF) of Lyman-break galaxies 
and compare with the measured ACF from observations. 

-  The predicted ACFs are in good agreement with the measured ACFs and              
also increase with galaxy luminosity as observed.
-  We show that the fraction of satellite LBGs is important for determining 
the amplitude of ACF at small scales.

* We show the halo occupation distribution (HOD) of model LBGs.
-  We find that the average number of central LBGs in the model drops 
sharply in massive haloes.
-  We interpret this sudden drop could be caused by AGN feedback, which 
is in contrast with observational HOD models for high-redshift.
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