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Bolshoi simulation

Motivation

In what environment were galaxies formed at the peak epoch?!
What is their fate?

The epoch z=1-3 is a peak era of the 
cosmic star formation history, the 
bulk of galaxy’s stellar mass were 
formed through active star formation. 
!
Galaxy clustering: 
A powerful method to study the 
connection between galaxies and 
their host dark matter halos.



Comoving distance [h-1Mpc]

Preliminary

Redshift

Near-IR spectroscopy at z~1.6 

Mapping galaxy 3D distribution 

More than 1100 spec-z beyond z>1 

Small scales traced by multiple exp. 

Wide range of the MS (SFR≳10M⦿yr-1) 
mapped by long exp. (~4-5hrs)  

FMOS-COSMOS survey Preliminary



Galaxy clustering
ハローモデルは観測をよく記述する

requires Mmin ¼ 6:10" 1012 h#1 M$, and the fraction of
galaxies in halos with M < M1 is 75%. The !2 value of the fit
is 9.3 for 10 dof (12 data points minus the two parameters that
are varied to fit the correlation function), or !2=dof ¼ 0:93.
Thus, the HOD model yields a statistically acceptable fit to the
data, and with the same number of free parameters as the
power law, it fits the data significantly better (!!2 ¼ 51:9).
The lower panel of Figure 3 shows the ratio of the data points
and the HOD model to the best-fit power law, from which one
can see that the model predicts just the sorts of dip at%1–2 h#1

Mpc and bulge at several h#1 Mpc that are observed in the data.
The error bars on the model parameters (defined by !!2 ¼

1) are &0.05 in " and &0:5" 1013 h#1 M$ in M1. These
errors are strongly correlated, but the mean occupation at
M ¼ 1014:5 h#1 M$ is constrained to log10 N14:5h i ¼ 0:733&
0:007, with an error that is nearly uncorrelated with " . If we
use the jackknife covariance matrix estimated from the data
instead of the mock-catalog covariance matrix, we obtain a
very similar fit, with nearly the same !2. If we use the mock-
catalog covariances without the scaling described in x 2, we
obtain a very similar fit, with a lower !2. A mean multiplicity
of 5.4 at 1014.5 h#1 M$ might look low at first glance, but our
luminosity threshold is fairly high (%1.5L*), and this multi-
plicity is reasonably consistent with the number of compara-
bly luminous galaxies in Virgo (Trentham & Tully 2002) and
with the measured richness or luminosity of SDSS clusters at a
similar cumulative space density of n >Mð Þ ¼ 6:4" 10#6 h3

Mpc#3 (Bahcall et al. 2003).
The HOD model that we have fitted to the data is not unique,

since we could have adopted a different form for Nh iM , for the
width of the distribution at fixed M, or for the internal distri-
bution of galaxies within halos. For example, if we change the
normalization of the c Mð Þ relation from c M)ð Þ ¼ 11 to 20 or
5, or the index from #0.13 to 0 or #0.25, then we still get
acceptable (though slightly worse) fits to the wpðrpÞ data, but
with changes of %0.1 in " and associated changes in M1 and
Mmin. Increasing halo concentrations shifts one-halo pairs
toward smaller separations, and this change can be compen-
sated for by putting more galaxies into halos with large virial
radii. We have also considered a model for P N j Nh ið Þ that

closely tracks the predictions of semianalytic models and SPH
simulations (Kauffman et al. 1999; Benson et al. 2000; Seljak
2000; Scoccimarro et al. 2001; Berlind et al. 2003) in which the
width climbs steadily from nearest-integer at Nh i % 1 to
Poisson at high N, with the transition halfway complete at
Nh i % 4. We again find that we can fit the data nearly as well
as with our baseline model, with only slight changes to the
Nh iM parameters. We are also able to fit wpðrpÞ well using the

Fig. 3.—Projected correlation function for the M0:1r < #21 sample,
together with that for the best-fit HOD model, with parameters " ¼ 0:89,
M1 ¼ 4:74" 1013 h#1 M$, and Mmin ¼ 6:10" 1012 h#1 M$. The reduced
!2 for this two-parameter fit is !2=dof ¼ 0:93, while the reduced !2 for the
power-law fit shown by the solid line in Fig. 1 is !2=dof ¼ 6:12. The lower
panel shows the data and model prediction divided by this best-fit power law.
In the upper panel, dotted curves show the one- and two-halo contributions to
wpðrpÞ, and the dashed curve shows the projected correlation function for the
matter computed from the nonlinear power spectrum of Smith et al. (2003).

Fig. 2.—Real-space galaxy correlation functions for HOD models with M1 ¼ 4:74" 1013 h#1 M$ and varying values of " (left) and with " ¼ 0:89 and varying
values of M1 (right). For each model we plot the total # rð Þ (upper curve) and the one-halo contribution (lower curve). The dotted curve shows the two-halo
contribution for the central model; this contribution is similar but not identical in the other models. In all models, the parameter Mmin is adjusted to keep the space
density fixed at n ¼ 9:9" 10#4 h3 Mpc#3.
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and equation (XX) can be written as

Pgg(k) = P1h
gg (k) + P2h

gg (k) (10)

Our calculations follow the analytical framework in van den
Bosch et al. (2013), which uses the halo mass function from
Tinker et al. (2008), which defines a halo as a spherically
collapsed region with an average density 200 times greater
then the background matter density of the Universe, and the
large-scale halo bias of Tinker et al. (2010, for ∆ = 200) and
its empirical scale dependence of Tinker et al. (2005) that is
modified at small scale (den Bosch et al. 2013).

The one-halo term is expressed as a sum of contributions
from central-satellite and from satellite-satellite pairs hosted
by the same halos as

P1h
gg (k,z) =

1
n̄2

g

!
dM

dn
dM

(M,z)
"
2⟨Ncen|M⟩⟨Nsat|M⟩u(k,M,z) + ⟨Nsat|M⟩2 u2(k,M,z)

#(11)

where n̄g is the mean number density of galaxies being consid-
ered, dn/dM is the halo mass function, ⟨Ncen|M⟩ and ⟨Nsat|M⟩
denote the HOD, i.e, the average numbers of central and satel-
lite galaxies hosted by a halo of mass M, respectively. Here
we assume that the occupation numbers of centrals and satel-
lites are independent, so that ⟨NcenNsat⟩ = ⟨Ncen⟩⟨Nsat⟩, and
that the number of satellite galaxies of a halo follows Poisson
statistics, which is supported both by observations (Yang et al.
2008) and by numerical simulations (Kravtsov et al. 2004).
Given this assumption, the equation ⟨NsatNsat − 1⟩ = ⟨Nsat⟩2

holds. We also assume that number density of satellite galax-
ies follows an NFW (Navarro et al. 1997) profile from the
halo center, with the mass-concentration relation calibrated
by Macciaò et al. (2008), and u in the above equation of its
Fourier transform (Sheth & Cooray et al. 2002). Also it is im-
plicitly assumed that the central galaxies lie at the exact center
of halos.

The two-halo term consists of three contributions from
central–central, central–satellite, satellite–satellite hosted by
the distinct halos, and expressed as

P2h
gg (k,z) =

1
n̄2
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(M2,z)
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+⟨Nsat|M1⟩⟨Nsat|M2⟩u(k,M1,z)u(k,M2,z)
%

Phh(k|M1,M2,z)
(12)

where Phh(k|M1,M2,z) describes the power-spectrum of ha-
los of masses M1 and M2, which is calculated from the non-
linear 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).

Now we parametrize the halo occupation distribution for
our study using Hα emitting galaxies. The mean distribution
of the number of central galaxies is given by

⟨Ncen|M⟩= Fg(1−Fs)exp

&
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2σ2
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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 σlog M
(Zhen et al. 2007). When we consider a complete mass-
limited sample of galaxies, it is reasonable to assume that
⟨Ncen|M⟩ goes to 1 at high halo mass end. However, the galaxy
sample considered in this study is restricted to those with Hα
emission line, i.e., highly star-forming population, and the as-
sumption that all massive halos have a highly star-forming
central galaxy clearly does not hold. To accounts for this in-
completeness, we introduce an additional normalization fac-
tor finc. Although the finc should depend on the halo mass, we
assume a constant value for it because our measurements .

4.2. Stellar-to-halo mass ratio
Stellar-to-halo mass ratio (SHMR), which is defined as the

ratio of the stellar mass of a central galaxy to the total mass of
the host halo, encode the efficiency of conversion of baryons
into stars towards the amount of the accretion of the dark mat-
ter into the host halos. Behroozi et al. (2010) established
the stellar-to-halo mass relations at a wide range of redshift
(0 < z < 4) and find that there is a strong peak in the stellar-
to-halo mass ratio at around Mh ∼ 1012 M⊙, where stars are
formed most effectiely.

5. RESULTS

5.1. The correlation length
5.2. The halo mass and large scale bias
5.3. Dependence on star formation rate

5.4. Dependence on stellar mass
6. DISCUSSIONS

6.1. Redshift evolution of the correlation length
6.2. Descendants of HAEs at z ∼ 1.6

7. SUMMARY
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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 σlog M
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Our galaxy sample

Parent sample (SED-selected): #3567!
KAB<23.5 
Mstar>109.8Msun  
Predicted f(Ha)>4e−17 erg/s/cm2!

Observed galaxies: #1284!
Spec-z sample: #551 15% of parent sample 

for clustering analysis



Projected correlation function!
銀河の固有速度の影響を最小化する。 

!

!

!

!

!

Two difficulties 
• OH airglow and masks on radial selection 

• The fiber-allocation system of FMOS

 
Landy & Szalay's (1983) estimator:

Measuring correlation function



Effects of OH airglow and masks on radial selection:

Weight function taking into account the OH 
line positions constructed by noise spectra

Data

Random

FMOS noise spectrum Redshift



Effects of the fiber-allocation system of FMOS  
causing suppression of finding close pairs and  
nasty clusterings on the 2D distribution

Fiber home positions 
Allocated fibers (for dummy positions) 
Observed galaxies (dummy positions) 
Out-of-order 
Fibers for guide stars

+ 
◇ ◇ 
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A. Durkalec et al.: The evolution of clustering length, bias and halo mass at 2<z<5
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Fig. 5. Correlation length r0 as a function of redshift from various surveys of different types of objects. Black stars indicate the
measurements obtained from this work in three redshift ranges. Different colours indicate different galaxy populations targeted
by using various techniques, as indicated in the upper right corner. Open symbols indicate measurements based on photometric
data, while filled symbols are for measurements from spectroscopic data. Blue: LBG galaxies (Foucaud et al. 2003, Ouchi et al.
2004, Adelberger et al. 2005, Kashikawa et al. 2006, Savoy et al. 2011, Bielby et al. 2013, Barone-Nugent et al. 2014). Orange:
BzK galaxies (Blanc et al. 2008, Hartley et al. 2010, McCracken et al. 2010, Lin et al. 2012). Green: Galaxy samples from
surveys limited in luminosity (Norberg et al. 2002, Coil et al. 2006, Le Fèvre et al. 2005, Pollo et al. 2006, Zehavi et al. 2011,
Marulli et al. 2013, Skibba et al. 2009). Red: EROs or massive red galaxies (Daddi et al. 2003, Zehavi et al. 2005a, Brown et al.
2008). The five solid curves show the correlation length of dark halos with different minimum masses, as labelled.

larly in z=[2,2.9] where it is an excellent representation of the
data. For the highest redshift bin z=[2.9,5] the fit is not as good.
This is mainly due to the more noisy measurement of the cor-
relation function in this redshift range.

The three HOD parameters, the minimum halo mass Mmin,
the satellite occupation halo mass M1, and the high halo mass
slope α (see sec. 3.5), are inferred from the full covariance ma-
trix (see section 3.6) and are listed in Table 3. The parame-
ters are allowed to vary within a large range set from previous
observations at high and low redshift: 10 < logMmin < 14,
10 < logM1 < 15, 0.6 < α < 2.0. The right panel of Figure 6
presents the halo occupation function obtained from the HOD
fit within three redshift ranges. We do not observe any signifi-
cant difference in halo masses between the two redshift ranges
probed for the general VUDS galaxy population. The minimum
halo mass, for which a halo hosts at least one central galaxy

Mmin, has comparable value for the z ∼ 2.5 and z ∼ 3.5 sam-
ples.

The satellite occupationmassM1 is noticeably higher in the
higher redshift bin compared to the lower redshift sample, al-
though the errors are quite large. These uncertainties are related
to the weak one-halo term signal in the correlation function for
the higher redshift measurement.

The high halo mass slope α of the satellite mean occupa-
tion function is around∼ 1.3 for z=[2,2.9], significantly steeper
than α = 0.73 found in z=[2.9,5].

The average host halo mass < Mh|g >, large-scale galaxy
bias bHODL and associated 1σ errors, are reported in Table 3. The
redshift evolution of these parameters is presented in Figure 7
- for the average host halo mass, and in Figure 8 - for the large-
scale galaxy bias. These results are fully discussed in Section
5.
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MCMC fitting!
To avoid overfitting, some parameters are fixed: 
Fg=0.6, Fs=0.1, σlogM=0.6, α=1 
Only two free parameters: Mmin, M1

HOD modeling
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and equation (XX) can be written as

Pgg(k) = P1h
gg (k) + P2h

gg (k) (10)

Our calculations follow the analytical framework in van den
Bosch et al. (2013), which uses the halo mass function from
Tinker et al. (2008), which defines a halo as a spherically
collapsed region with an average density 200 times greater
then the background matter density of the Universe, and the
large-scale halo bias of Tinker et al. (2010, for ∆ = 200) and
its empirical scale dependence of Tinker et al. (2005) that is
modified at small scale (den Bosch et al. 2013).

The one-halo term is expressed as a sum of contributions
from central-satellite and from satellite-satellite pairs hosted
by the same halos as

P1h
gg (k,z) =

1
n̄2

g

!
dM

dn
dM

(M,z)
"
2⟨Ncen|M⟩⟨Nsat|M⟩u(k,M,z) + ⟨Nsat|M⟩2 u2(k,M,z)

#(11)

where n̄g is the mean number density of galaxies being consid-
ered, dn/dM is the halo mass function, ⟨Ncen|M⟩ and ⟨Nsat|M⟩
denote the HOD, i.e, the average numbers of central and satel-
lite galaxies hosted by a halo of mass M, respectively. Here
we assume that the occupation numbers of centrals and satel-
lites are independent, so that ⟨NcenNsat⟩ = ⟨Ncen⟩⟨Nsat⟩, and
that the number of satellite galaxies of a halo follows Poisson
statistics, which is supported both by observations (Yang et al.
2008) and by numerical simulations (Kravtsov et al. 2004).
Given this assumption, the equation ⟨NsatNsat − 1⟩ = ⟨Nsat⟩2

holds. We also assume that number density of satellite galax-
ies follows an NFW (Navarro et al. 1997) profile from the
halo center, with the mass-concentration relation calibrated
by Macciaò et al. (2008), and u in the above equation of its
Fourier transform (Sheth & Cooray et al. 2002). Also it is im-
plicitly assumed that the central galaxies lie at the exact center
of halos.

The two-halo term consists of three contributions from
central–central, central–satellite, satellite–satellite hosted by
the distinct halos, and expressed as

P2h
gg (k,z) =

1
n̄2

g
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dM1
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%

Phh(k|M1,M2,z)
(12)

where Phh(k|M1,M2,z) describes the power-spectrum of ha-
los of masses M1 and M2, which is calculated from the non-
linear 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).

Now we parametrize the halo occupation distribution for
our study using Hα emitting galaxies. The mean distribution
of the number of central galaxies is given by

⟨Ncen|M⟩= Fg(1−Fs)exp

&
− log(M/Mmin)2

2σ2
log M

'
+Fs

1
2

(
1 + erf

)
log(M/Mmin)

σlog M

*+

(13)
where Mmin is a halo mass above which the halo has a central
galaxy and this transition is smoothed by the scatter σlog M
(Zhen et al. 2007). When we consider a complete mass-
limited sample of galaxies, it is reasonable to assume that

⟨Ncen|M⟩ goes to 1 at high halo mass end. However, the galaxy
sample considered in this study is restricted to those with Hα
emission line, i.e., highly star-forming population, and the as-
sumption that all massive halos have a highly star-forming
central galaxy clearly does not hold. To accounts for this in-
completeness, we introduce an additional normalization fac-
tor finc. Although the finc should depend on the halo mass, we
assume a constant value for it because our measurements .

4.2. Stellar-to-halo mass ratio
Stellar-to-halo mass ratio (SHMR), which is defined as the

ratio of the stellar mass of a central galaxy to the total mass of
the host halo, encode the efficiency of conversion of baryons
into stars towards the amount of the accretion of the dark mat-
ter into the host halos. Behroozi et al. (2010) established
the stellar-to-halo mass relations at a wide range of redshift
(0 < z < 4) and find that there is a strong peak in the stellar-
to-halo mass ratio at around Mh ∼ 1012 M⊙, where stars are
formed most effectiely.

5. RESULTS

5.1. The correlation length
5.2. The halo mass and large scale bias
5.3. Dependence on star formation rate

5.4. Dependence on stellar mass
6. DISCUSSIONS

6.1. Redshift evolution of the correlation length
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7. SUMMARY
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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 σlog M
(Zhen et al. 2007). When we consider a complete mass-
limited sample of galaxies, it is reasonable to assume that
⟨Ncen|M⟩ goes to 1 at high halo mass end. However, the galaxy
sample considered in this study is restricted to those with Hα
emission line, i.e., highly star-forming population, and the as-
sumption that all massive halos have a highly star-forming
central galaxy clearly does not hold. To accounts for this in-
completeness, we introduce an additional normalization fac-
tor finc. Although the finc should depend on the halo mass, we
assume a constant value for it because our measurements .
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Fig. 7. The evolution of the number-weighted average host halo mass given by Eq. 10 for the three redshift ranges analysed in
this study. The red filled circles indicate mass estimations from VUDS. Black and grey symbols represent the results of previous
work based on spectroscopic and photometric surveys respectively. The solid black lines indicate how a host halo of a given mass
M0 at z = 0 evolves with redshift, according to the model given by van den Bosch (2002). The solid red line represents the halo
mass evolution derived using Eq. 21, with the HOD parameters obtained from the best-fit HOD model at a redshift z ∼ 3. The
dashed red line is using the HOD best-fit parameters for z ∼ 2.5. VUDS galaxies with a typical L⋆ luminosity are likely to evolve
into galaxies with a luminosity >L⋆ today.

a halo with a given mass M0 at z = 0 can be traced back in time
using a simple formula:

log⟨Ψ (M0, z)⟩ = −0.301

⎡

⎢

⎢
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log
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⎦

ν

, (20)

where z f and ν are free fitting parameters that depend on halo
mass and cosmological parameters. To obtain these fitting pa-
rameters we follow the analytical formula from van den Bosch
(2002). We then trace the evolution of the galaxy population
sampled by VUDS from z ∼ 3 to the present epoch to predict
the mass of halos hosting the present day descendants of the
VUDS galaxies. We find that in this model the typical VUDS
halo with a mass ⟨MH⟩ ∼ 1011.75M⊙ at z ∼ 3 should evolve
into a halo with a mass ⟨MH⟩ ∼ 1013.5M⊙ at z = 0. In the local
SDSS galaxy sample Zehavi et al. (2011) found that halos with
these masses are typically occupied by star forming galaxies
with luminosity Mr < −20.5. According to the van den Bosch
(2002) model the star forming galaxies at z ∼ 3 in VUDS with

a typical characteristic luminosity L⋆ would likely evolve into
galaxies equivalent to or brighter than L⋆ at the present day.

The above comparison assumes that each halo is occupied
by only one galaxy. This is not expected to generally be the
case, and the above picture, while broadly correct might need
to be adjusted. In order to trace the evolution of dark matter
haloes and the hosted galaxy population in a more realistic way
we use both the halo mass growth modelΨ(M0, z) and the halo
occupation function ⟨Ng|M⟩ at redshift z = 3. The average halo
mass Mh as a function of redshift z is measured taking (see Eq.
10 for comparison):

⟨Mh⟩(z) =
∫

dMΨ−1(M, z)n(M, z)
⟨Ng|M⟩
ng(z)

, (21)

here the Ψ−1(M, z) is the inverse mass growth function pro-
posed by van den Bosch (2002) (Eq. 20), n(M, z) is the dark
matter mass function, and ng the galaxy number density. This
allows us to trace the history of the typical dark matter halo
hosting the average VUDS galaxy from a redshift z = 3 to the
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Summary

551個のFMOS spec-z 星形成銀河の射影相関関数を測定した!
✓ファイバー観測による影響を補正 

✓N-bodyモックカタログにより妥当性を検証 

rp~0.2-1 h−1Mpc に優位な1-halo termを検出 

相関長 r0=5 h−1Mpc ▶︎ Mhalo~1012.5 h−1Msun at z~1.6 

HODモデルでフィットし、average halo mass (=3.2x1012 

h−1Msun), effective galaxy bias (b=2.1) を推定 

✓ハロー質量進化トラックに載せると、z=0で 
LogMhalo/h−1Msun~13.5-14 

✓HODモデルの検証の必要あり


