
HOD modeling: We fit a simple 
HOD model to data to constrain 
typical halo properties.

Abstract: We present an clustering analysis of a star-forming galaxy sample at 1.4≲z≲1.7 from the FMOS-COSMOS survey.  
Using 516 galaxies for which Hα is identified, we measure a two-point correlation function, and then detect a significant 
clustering at rp~0.1-20 h−1Mpc with r0=5.01±0.43 h−1Mpc.  We also fit an HOD model to the data to constrain typical 
properties of host halos.  In the analysis, we carefully treated artificial biases specific to fiber spectroscopy in NIR window.

The FMOS-COSMOS Survey: 
Clustering analysis of star-forming galaxies at z~1.6

柏野 大地 | 名古屋大学

Motivation: It is important to investigate the connection 
between galaxies and their host haloes.  Especially, z~1-3 is 
an exciting era, when galaxies grow the bulk of their stellar 
mass with high SFRs, and the question in what environ-
ments and/or haloes did such rapid mass assemblies occur 
is essential in galaxy formation.  For such studies, use of a 
sample repre-sentative of general star-forming population is 
important.  The sample in this study maps a wide range of 
star-forming main sequence at z~1.6 (Fig.3).

FMOS-COSMOS sample:  Samples in this study is const-
ructed from a data set of the FMOS-COSMOS survey, a 
large near-IR spectroscopic survey using Subaru/FMOS.  
The survey is designed to detect Hα in H-long (1.6-1.7μm; 
1.4≲z≲1.7) grating and to provide ~3000 spectra of star 
forming galaxies in the COSMOS field (Silverman+15 in 
prep).  Samples in this study are selected based on SED-
fitting (KAB<23.5; M>109.8M⦿; Predicted f(Hα)>1e-16).  We 
analyze sub-samples of 516 galaxies with S/N>3 emission 
lines, from 1182 observed galaxies.
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vey with a quality flag 3 or 4(Lilly et al. 2007). 24 of them have the redshift measurements from the
FMOS-COSMOS and zCOSMOS surveys which are consistent, while for 4 galaxies the measure-
ments do not agree with each other. Considering the robustness of the zCOSMOS measurement
with the high quality flag, a spurious signal or non-Hα emission line might be misidentified as
Hα in the FMOS survey. Actually, three of the inconsistent measurement will be match to the
zCOSMOS measurement when [OIII]λ5007 is misidentified as Hα. Such contamination reduce
the amplitude of the measure correlation function since they are uncorrelated with the galaxies
with correct redshift measurements. Assuming that all 28 zCOSMOS redshifts are correct, a plau-
sible fraction of the contamination is given by f = 0.14±0.07. In Figure 7, we show the locus of
the 28 sources in the M∗–SFR plane with the main sequence drawn by the FMOS samples. Since
there is no significant difference between the distribution of the 28 matching sources and other
samples, we use the above fraction to correct the underestimate of the clustering amplitude.

3. Clustering measurements

3.1. Two-point correlation function

The two-point auto-correlation function ξ (r) is a powerful and commonly used tool to quan-
tify the inhomogeneity of the three-dimensional distribution of galaxies, which measures the excess
of the probability of finding pairs of two galaxies as a function of separation r. Since an ideal sur-
vey which covers the whole sky and includes all galaxies is unrealizable, we derive the correlation
function by using Landy & Szalay’s (1983) estimator:

ξ (r) =
DD (r) − 2DR (r) + RR (r)

RR (r)
(1)

where DD (r), DR (r), RR (r) are the numbers of data–data, data–random, random–random pairs
with (comoving) separations within the interval [r,r + dr], which are normalized by the number of
all combinations of two galaxies, respectively. For use of the estimator, it is necessary to construct

Table 1. Galaxy samples with KAB ≤ 23.5 and 1.46 ≤ zphot ≤ 1.72

Mass-limited Parent Target Spec-z
M∗ > 109.8 M⊙ + f (Hα) > 10−16 1.43 ≤ zspec ≤ 1.74

6453 2319 1182 516

• Parent!
• Target (observed)!
• Spec-z

Clustering analysis: Two-point correlation function is a 
powerful tool to quantify the galaxy clustering.  To minimize 
the effects of the peculiar motions of galaxies, we employ 
the projected correlation function: 
!

!

ξ (rp, π) is estimated with Landy & Szalay (1983) estimator 
using a random sample. 
!

!
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Abstract

We explore the possibilities to constrain the environmental effects on the galaxy
evolution and the connection between the galaxies and their host dark matter halos
by using our galaxy sample obtaind with Subaru/FMOS. Combining a photometric
sample (UVISTA) and our spectroscopic samples (FMOS & zCOSMOS-Deep), we
measure the density field at 1.43 ≤ z ≤ 1.74 in the central 1 deg2 of the COSMOS
field, with a dynamic range of 1:30. We also calculate the projected correlation
function to investigate clustering properties of the FMOS galaxies with Hα de-
tection, and then successfully detect a significant clustering signal at scales from
∼ 0.1 to ∼ 20 h−1 Mpc. We fit a halo occupation distribution (HOD) model to
the measured wp (rp), then try to constrain the parameters.

1 The FMOS-COSMOS Survey
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HαHαA large near-IR spectroscopic survey of galaxies in
the COSMOS field using Subaru/FMOS – only-
one instrument having high-multiplex (200 galax-
ies) and a wide FoV (! = 30′) – specifically de-
signed to detect Hα emission line from galaxies at
z ∼ 1.6 in the H-band. (Silverman et al. 2015).
Hα flux is a well-calibrated indicator of star for-

mation, and combining [Nii], Hβ and [Oiii] pro-
vides information of interstellar medium (metallic-
ity, ionization state) and dust extinction (Kashino
et al. 2013, Zahid et al. 2014, Rodighiero et al.
2014, Kartaltepe et al. 2015).

Completed observations in S12A –S14A
(Intensive + UH time)

H-long (1.6–1.8 µm) 14 nights — Hα and [Nii]λ6548, 6583
J-long (1.11–1.35 µm) 7 nights — Hβ and [Oiii]λ4959, 5007

Success rate for star-forming galaxies

Observed galaxies (H-long): 2553
⇒ 1155 redshifts (45%)

Quality assessment:
zFlag = 1: Detection with S/N ≥ 1.5
zFlag = 2: Detection with S/N ≥ 3
zFlag = 3: Detection with S/N ≥ 5
zFlag = 4: Det. S/N ≥ 5 + 2nd line

2 Data and Analysis

Measurement of overdensities

Survey field: 0.84 deg2, 1.43 < z < 1.74
Spec-z sample: 573 FMOS (S/N > 5) + 165 zCOSMOS (Class=3,4)
Photo-z sample: ∼ 22000 from UVITA catalog (McCracken+11, Ilbert+13)
Method for galaxy number count:
Cylinder window with ±700 km/s and an adaptive radius towards 5th neighbor.
The ”ZADE” algorithm to modify P (z) of photo-z sample galaxies by weighting
by the number of nearby spec-z galaxies (Kovač et al. 2010).

Projected two-point correlation function

Two-point correlation function ξ(r) is a powerful tool to quantify the inhomogeneity
of the 3D distribution of galaxies. To minimize the effects of the peculiar motions of
galaxies, it is common to measure ξ on a 2D grid – parallel π and perpendicular rp
to the line of sight, then to integrate it along π to derive the projected correlation
function wp(rp):

wp (rp) =

! πmax

0
ξ (rp,π) dπ = 2

! πmax

0
ξ
"#
r2p + y2

$1/2%
dy

ξ (rp,π) is estimated by using an estimator:

ξ(rp,π) =
DD(rp,π)− 2DR(rp,π) +RR(rp,π)

RR(rp,π)
(Landy & Szalay 1983)

In this study, πmax = 40h−1Mpc is used.

Parent sample: n̄g = 0.041h3 Mpc−3

FMOS galaxies primarily selected with 1.46 ≤ zphot ≤ 1.72, KAB ≤ 23.5,

M∗ ≥ 109.8M⊙, f
predict
Hα ≥ 4× 10−17 cgs from the COSMOS-UVISTA catalog

Spectroscopic subsample: Galaxies with Hα detection in H-long:
(1) zFlag ≥ 1: 632, (2) zFlag ≥ 2: 571, (3) zFlag ≥ 3: 420

3 Overdensities in COSMOS at 1.4 ! z ! 1.7

The density field is measured
at the positions of the spec-
z sample galaxies, with a dy-
namic range of −0.5 ! log(1+
δp) ! 1 , and then some
over-dense regions, which are
might expected to be progeni-
tors of today’s galaxy clusters
and groups, are identified at
z ∼ 1.6.

Right figure:

Overdensities with log(1 + δp) ≥ 0.5

4 Galaxy Clustering

Projected two-point correlation function wp (rp) shows a significant clustering sig-
nal at scales between 0.1 ! rp ! 20h−1 Mpc.

Preliminary

Right figure:
Measured wp (rp) for three subsamples.
While all subsamples shows vey similar
clustering, the most secure subsample
(zFlag ≥ 3; #420) shows the strongest
signal among them. The errors are es-
timated by using the bootstrap resam-
pling method.

Power-law model
Galaxy correlation ξ(r) is known to

be well described by a power-law func-
tion ξ (r) = (r/r0)−γ . Correlation
length r0 indicates how strongly galax-
ies are clustered. Then, wp (rp) can be expressed as

wp (rp) = rp
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In the figure, a power-low with r0 = 3.545 h−1Mpc and γ = 1.806 is shown.

The halo occupation distribution
The halo model combined with the HOD framework is a powerful tool to interpret

the galaxy clustering and investigate the relation between the underlying dark
matter (halos) and the galaxies.

Preliminary

In this frame work, galaxy clustering
is considered to be a sum of two con-
tributions:

ξ(r) = 1 + ξ1h(r) + ξ2h(r)

One-halo term arises from galaxy pairs
in the same host halos, while two-halo
term arises from galaxy pairs in the dis-
tinct host halos.

We found that our galaxy sample
shows a significant one-halo contribu-
tion at scales of 0.1 ! rp ! 1 h−1Mpc.

Future Prospects

In order to minimize the systematic errors, realistic random catalogs are necessary,
in which the inhomogeneous sampling rate, the effects of fiber allocation, and the
OH air-glow masks must be taken into account. Also we have to confirm the validity
of our analysis by using mock samples.

When we achieve an accurate measurement of the density field and galaxy clustering
(, which is potentially feasible), it is possible to investigate the environmental
effects on star formation and other properties of galaxies, and to connect the star-
forming population at higher redshift and their descendant in present universe with
information of halo properties.

Radial weight function: An OH airglow suppression system 
equipped on FMOS masks out strong atmospheric emission 
lines (Fig. 2) and also the light from galaxies. The detection 
rates decrease around the masks.  We include such effects 
to construct the ran- 
dom sample, by eva-  
luating the detection  
rate at each redshifts 
with a set of Monte  
Carlo simulations.

Fig. 1

Fig. 2

Fig. 3

Effects of fiber-allocation: FMOS 
fibers are distributed uniformly in the 
FoV, thus the number of galaxy pairs 
having small angular separations is 
suppressed, which causes com-
plicated biases in the 2D spatial dis-
tribution of the targets.  We correct 
such effect by weighting DD-term 
with the ratio between the mean 
number of pairs in parent and target 
samples responding to the angular 
separation. The weight can be ex-
pressed with the angular correlation 
function. We define the weight and 
test robustness of the correction 
scheme using 64 mock sam-ples 
(ν2GC-M; Ishiyama+15). 

Fig. 6
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3.3. Corrections on measured correlation function

In the galaxy surveys, a number of observational effects raise artificial biases in resulting
measurements, which are not able to be neglected in some case. Such biases are frequently com-
plicated and considerable, especially in spectroscopic surveys. In many spectroscopies, it is fully
unachievable to observe all galaxies from the input parent catalog. The distribution of spectro-
scopically observed galaxies is usually biased, i.e., the observed sample is not a random subset of
a parent catalog, because of observational issues, such as the limitations of the slit mask design or
the fiber alignment. In the case of the FMOS observations, galaxies for exposure are selected from
the input catalog by performing the FMOS-Echidna Spine-to-Object allocation software to maxi-
mize the operational efficiency. The fibers are uniformly distributed in the field-of-view and can
move in a limited circular patrol area. Thus, once a pair of fibers is allocated for one galaxies, the
opportunity that its neighbor galaxies are observed decreases due to the lack of fibers and/or avoid-
ing the fiber entanglement. Furthermore, the numbers of multiple exposures are different among
the footprints and there were fibers which were regularly and/or irregularly out of order. Such
characteristics of the fiber allocation system and observational effects possibly create complicated
biases in the spatial distribution of the observed galaxies, and thus might influence the measured
correlation function, particularly at small scales. In order to correct for this complex bias, we use
a simple weighting scheme, in which each galaxy-galaxy pairs are weighted in response to their
angular separations (de le Torre et al. 2011; Durkalec et al. 2014). The weight is defined as a ratio
between the mean number of pairs in the photometric parent sample and the mean number of pairs
in the observed galaxy sample, which can be expressed with their angular correlation function:

f (θ) =
1 +ωpar (θ)
1 +ωtar (θ)

(4)

where ωpar (θ) and ωtar (θ) are the angular correlation functions of the parent and observed samples,
respectively. In this scheme, we implicitly assume that the photometric parent catalog is free
from any artificial biases depending on the angular separation scale. Making sure that the weight
function derived from the data is consistent with those from the mock samples, we decided to apply
a weight function modeled by fitting a simple function to the mean f (θ) of the mock catalogs rather
than the data. In Appendix B, we describe in detail the correction scheme for the fiber-allocation
effect and the validation using the mock samples.

Due to the finite survey area, the observed correlation function is underestimated by an scale-
independent constant C, which is known as the integral constraint, as

wp
!
rp
"

= wobs
p

!
rp
"

+C. (5)

While the contribution of the underestimation is not significant for scales considered, we correct
our measurements for this effect. We calculate the integral constraint on ξ

!
rp,π

"
following Roche

Results:  Measured wp(rp) shows a significant clustering 
signal at scales 0.1≲z≲20���������	
��������������������  h−1Mpc. By fitting a power-law, 
we find a correlation length r0=5.0±0.4 h−1Mpc.

Average of 64 mocks
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where Phh(k|M1,M2,z) describes the power-spectrum of halos of masses M1 and M2, which is
calculated from the nonlinear matter power spectra (Smith et al. 2003) and the scale-dependent
halo bias and also accounts for the halo exclusion (see van den Bosch et al. 2013).

The functional forms of the halo occupation distribution that used commonly for galaxy clus-
tering analysis are given by

⟨Ncen|M⟩ =
1
2

!
1 + erf

"
logM − logMmin

σlogM

#$
(14)

⟨Nsat|M⟩ =
1
2

!
1 + erf

"
log(M/Mmin)

σlogM

#$"
M − Mcut

M1

#α

. (15)

where Mmin is a halo mass above which the halo has a central galaxy and this transition is smoothed
by the scatter σlogM (Zhen et al. 2007). The average number of satellite galaxies increase toward
large halo mass in power-law parametrized by the normalization M1 and the slope α for the case of
M > Mcut. This functional forms, in which ⟨Ncen|M⟩ goes to 1 at high halo mass end, is considered
to be reasonable for a mass-complete galaxy sample. However, the galaxy sample considered in
this study is restricted to those with Hα emission line, i.e., highly star-forming population and the
assumption that all massive halos have a highly star-forming central galaxy clearly does not hold.
To accounts for this incompleteness, we introduce an additional normalization factor FA, ranging
from 0 to 1, for ⟨Ncen⟩,

⟨Ncen|M⟩ = FA
1
2

!
1 + erf

"
logM − logMmin

σlogM

#$
. (16)

We also consider a different functional form for the average number of central galaxies which
is defined as a sum of a gaussian component around Mmin and a step-like high mass component,
motivated by the observational indication that there is a peak halo mass (∼ 1012 h−1M⊙) where
stars form most effectively (Geach et al. 2012),

⟨Ncen|M⟩ =GB(1 − GA)exp

%
− log(M/Mmin)2

2σ2
logM

&

+ GA
1
2

!
1 + erf

"
log(M/Mmin)

σlogM

#$ (17)

where GA, GB range from 0 to 1, prescribing the normalization of the two components.

The halo occupation distribution of the total number of sample galaxies is given by the sum
of the central and satellite terms:

⟨Ntot|M⟩ = ⟨Ncen|M⟩+ ⟨Nsat|M⟩ . (18)

Once an HOD is given, following physical quantities are derived;
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calculated from the nonlinear matter power spectra (Smith et al. 2003) and the scale-dependent
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where Mmin is a halo mass above which the halo has a central galaxy and this transition is smoothed
by the scatter σlogM (Zhen et al. 2007). The average number of satellite galaxies increase toward
large halo mass in power-law parametrized by the normalization M1 and the slope α for the case of
M > Mcut. This functional forms, in which ⟨Ncen|M⟩ goes to 1 at high halo mass end, is considered
to be reasonable for a mass-complete galaxy sample. However, the galaxy sample considered in
this study is restricted to those with Hα emission line, i.e., highly star-forming population and the
assumption that all massive halos have a highly star-forming central galaxy clearly does not hold.
To accounts for this incompleteness, we introduce an additional normalization factor FA, ranging
from 0 to 1, for ⟨Ncen⟩,
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We also consider a different functional form for the average number of central galaxies which
is defined as a sum of a gaussian component around Mmin and a step-like high mass component,
motivated by the observational indication that there is a peak halo mass (∼ 1012 h−1M⊙) where
stars form most effectively (Geach et al. 2012),
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where GA, GB range from 0 to 1, prescribing the normalization of the two components.

The halo occupation distribution of the total number of sample galaxies is given by the sum
of the central and satellite terms:

⟨Ntot|M⟩ = ⟨Ncen|M⟩+ ⟨Nsat|M⟩ . (18)

Once an HOD is given, following physical quantities are derived;

The HOD params are well-determined by MCMC, and we 
find a typical mass of the host haloes of our sample galaxies 
of Mh~1012h-1M⦿, consistent to commonly  believed pictures 
for star-forming galaxies. 
!

!

!

!

!

!

!

More careful comparisons with other observations and 
theories and interpretations are needed.
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logMmin/h−1 M⊙ = 11.70+0.15
−0.14 (30)

σlogM = 0.168+0.026
−0.016 (31)

logM1/h−1 M⊙ = 12.49+0.48
−0.27 (32)

ffake = 0.127+0.12
−0.10 (33)

ntot = 8.51+2.74
−2.66 ×10−3/

!
h−1Mpc

"3 (34)
fsat = 0.34+0.21

−0.18 (35)
⟨Mtot

halo⟩ = 3.63+1.59
−1.50 ×1012 h−1 M⊙ (36)

⟨Mcen
halo⟩ = 1.63+0.49

−0.36 ×1012 h−1 M⊙ (37)
beff = 2.06+0.24

−0.23 (38)

6. Discussions

6.1. The correlation length

6.2. The halo mass and large scale bias

6.3. Dependence on star formation rate

6.4. Dependence on stellar mass

6.5. Baryon conversion efficiency

6.6. Redshift evolution of the correlation length

6.7. Descendants of HAEs at z ∼ 1.6

7. Summary

A. Mock samples

Here we describe in detail mock sample constructed to examine the validity of our analysis
(see Appendix A and B).

We construct mock samples from the new numerical Galaxy Catalog (ν2GC) cosmological
simulation (?). The middle size simulation (ν2GC-M) we use was conducted using 40963 particles
with a mass resolution of 2.20× 108 h−1M⊙ in a comoving box with 560 h−1Mpc each side, and
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