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Importance of galaxy clusters
Galaxy clusters have an important role
                      in structure formation and galaxy evolution.
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How are galaxy clusters formed?
Protoclusters are important objects
           to reveal the formation history of galaxy clusters. 
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‣Our previous studies
- Protocluster search at z~3-6 -
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Galaxy properties

at z=3.67
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‣Protocluster search
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How to find protoclusters

Sky distribution of z~3.8 LBGs (Δz~1)

- by using BB imaging (Toshikawa et al. 2015)
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How to find protoclusters

Sky distribution of z~3.8 LBGs (Δz~1)

- by using BB imaging (Toshikawa et al. 2015)



−20−1001020
∆R.A. (arcmin)

−20

−10

0

10

20

∆
D
ec
l.
(a
rc
m
in
)

0σ
1σ
2σ
3σ
4σ

−40−2002040
∆R.A. (comoving Mpc)

−40

−20

0

20

40

∆
D
ec
l.
(c
om

ov
in
g
M
p
c)

How to find protoclusters
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Follow-up spectroscopy

- by using BB imaging (Toshikawa et al. 2015)
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- by using NB imaging

Sky distribution of
            mock z~2.2 HAEs (Δz=0.03)

Mock HAEs are selected
    from the light-cone model
    of Henriques et al (2015).

selection criteria:
 　2.240<z<2.272
     SFR>20 Msun/yr
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Sky distribution of
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    from the light-cone model
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Do we need follow-up spectroscopy?
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‣Galaxy population in protoclusters
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Figure 11. The galaxy stellar mass function for all galaxies within the
simulation at z = 2 (black solid line), those tagged as protocluster galaxies
(red dashed line) and those tagged as field galaxies (i.e. not protoclusters;
blue dot–dashed line). The protocluster mass function has more massive
galaxies and a shallower low-mass slope.

Koyama et al. 2013). However, this method is only able to identify
the active subset of protocluster galaxies. Here we explore how our
interpretation of the galaxy stellar mass function and overdensity of
the protocluster can be affected by only studying the star-forming
galaxy population.

In Fig. 11 we plot the galaxy stellar mass function for protocluster
members (red dashed line), field galaxies (non-protocluster mem-
bers; blue dot–dashed line) and all galaxies (the sum of the two;
black solid line) at z = 2. The shape of the protocluster mass func-
tion compared to the field differs slightly. There are more massive
galaxies in protoclusters than the field, despite there being more
galaxies in general in the field. At the low-mass end, the slope of
the protocluster mass function is shallower than that of the field.
The value for the turnover (M∗) is fractionally higher for the pro-
tocluster. The shallower low-mass slope in the semi-analytic model
protoclusters reduces the number of expected low-mass galaxies
compared to the field, but not greatly.

Conventional definitions of star-forming and non-star-forming
galaxies involve cuts in Specific Star Formation Rate (sSFR;
SFR/M∗). One such definition, used in Lani et al. (2013) for exam-
ple, is to define a galaxy as non-star-forming if its mass doubling
time, calculated from its present star formation rate, is more than
the age of the Universe. Applying this to our simulated z = 2 galaxy
sample yields a star-forming galaxy fraction corresponding to the
dashed line in Fig. 12. This demonstrates that there are fewer star-
forming galaxies in the protocluster than the field, but in general
they follow the same trend with mass.

Imaging in a narrow-band to detect emission line galaxies does
not select galaxies based on their sSFR, but instead produces a cut
in SFR. This can have a different effect, especially at the low-mass
end, as a galaxy’s SFR is dependent on its mass if it is on the main
star-forming sequence. Applying a cut of 7 M⊙ yr−1 (typical of
recent works; e.g. Cooke et al. 2014) gives a star-forming fraction

that corresponds to the solid lines in Fig. 12. This produces very
different trend to that of the sSFR cut. At low masses, the star-
forming fraction rapidly descends to zero as the cut intercepts the
star-forming main sequence. This leads to a minimum detectable
mass for emission-line-selected galaxies such as those observed
in Hα narrow-band images. Thus selecting galaxies by their star
formation rate biases against low-mass galaxies.

The limitations of instrumental field of view mean that only
a small fraction of the protocluster is typically observed. If we
consider only the central region of the protocluster, rather than all
members, we get a further bias in the results. Fig. 13 replots the star-
forming fraction of protocluster and field galaxies with a 7 M⊙ yr−1

cut (solid lines), but only including the star-forming galaxies within
the central 2.8 h−1 Mpc comoving (2.5 arcmin; blue dashed line) and
1.1 h−1 Mpc comoving (1 arcmin; blue dot–dashed line) regions of
the protocluster. Using the small window only captures the densest
region where quenching is efficient and has led to a much lower
fraction of star-forming galaxies relative to the field.

By observing only the star-forming galaxies in the main halo of
the protocluster we obtain a very biased view of the mass function
of protocluster galaxies. Having a fixed threshold intercepts the
star-forming main sequence resulting in the suppression of galax-
ies detected below 1010 M⊙ and a near total loss of galaxies be-
low 109 M⊙. In addition to the loss of galaxies because they drop
below the star formation rate threshold, the small windows used
for narrow-band observations result in a further loss. Focusing on
just the very centre, as opposed to the full protocluster, signifi-
cantly increases the quenched fraction of galaxies. This is because
more environmental quenching occurs within the densest part of
the protocluster. While larger apertures would reveal more of the
protocluster, it would also increase the level of contamination of
non-protocluster members. For small apertures the sample has little
contamination, but by 10 h−1 Mpc at least 20 per cent of low-mass
galaxies are interlopers.

An important side effect of losing low-mass galaxies in narrow-
band observations is that the measured overdensities for protocluster
will be highly uncertain. If the full observed sample of galaxies is
used, then the absence of low-mass galaxies in the protocluster
compared with the field will lead to the overdensity being under-
estimated. Using a mass cut, however, is also problematic. The
simulations indicate that almost all very massive galaxies reside in
protoclusters and this will lead to an unrepresentative field sample,
leading to a very high overdensity estimate. Quantifying the over-
density accurately is important for estimating the eventual mass of
the protocluster using the Chiang et al. (2013) method. Due to the
above reasons, it is not advisable to estimate the mass of a proto-
cluster from the overdensity measured from the excess of emission
line galaxies in a small field of view.

4 IM P L I C AT I O N S FO R O B S E RVATI O N S

We have explored the difference between protoclusters and high-
redshift clusters using a semi-analytic model applied to the Mil-
lennium Simulation. Clusters were identified as z = 0 haloes with
masses greater than or equal to 1014 h−1 M⊙. All galaxies that will
merge to make these clusters were tagged at higher redshift and
classed as protocluster members. The most massive virialized dark
matter halo in the protocluster is defined as the main halo, and would
be observed as a high-redshift cluster or group if it were massive
enough.

We find that protoclusters are very extended, with 90 per cent of
the mass spread over ∼35 h−1 Mpc comoving at z = 2 (11 h−1 Mpc
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Figure 12. The fraction of star-forming galaxies as a function of mass using
two different star formation cuts. The solid lines correspond to a fixed cut
in SFR (Cooke et al. 2014), while the dashed line corresponds to a fixed cut
in sSFR (Lani et al. 2013). A fixed SFR cut, such as that in Hα narrow-band
observations, can cause the artificial loss of star-forming low-mass galaxies.

physical; 30 arcmin). This is far larger than the typical targeted
observations of protoclusters being currently conducted using line-
emitting galaxies. This implies that these studies of protoclusters
and high-redshift clusters are not imaging all of the protocluster,
but instead are focused on only a small part of the structure.

The protocluster structure comprises many haloes linked by fila-
ments. This has important consequences for the evolution of cluster
galaxies, since not all galaxies that make up the cluster at z = 0
have had the same environmental history. Some will have formed
in the main halo, others will have been residing in smaller haloes or
in filaments for much of their history. Thus the environmental his-
tory of cluster galaxies is complex and non-uniform. Some galaxies
experience strong ‘environment preprocessing’, where galaxies ex-
perience environmental effects prior to cluster infall, whereas others
do not (e.g. De Lucia et al. 2012).

We find that the largest halo of the protocluster only hosts a
minority of protocluster galaxies at high redshift, with typically
less than 20 per cent of galaxies with M∗ > 109 h−1 M⊙ residing
within it at z > 2. To study the evolution of cluster galaxies it is
therefore essential that a representative fraction of the protocluster
is observed, and not simply the minority of protocluster galaxies that
reside within the high-redshift cluster core. Whilst this will improve
our understanding of the role of preprocessing, it does come at the
expense of sample purity.

We have shown that only a small subset of protoclusters evolve
as a single main halo with significantly smaller objects merging on
to it. Only 10 per cent of protoclusters at z = 2 are dominated by a
single halo, i.e. where no other member haloes in the protocluster
have more than 20 per cent of the main halo’s mass. A fifth of proto-
clusters exhibit very little difference between the most massive and
second-ranked halo as the mass ratio is >0.8. Whether a protoclus-
ter contains a dominant halo at high redshift does not depend on its

Figure 13. The fraction of star-forming galaxies with respect to environ-
ment using a fixed SFR cut at z = 2. The black solid line corresponds to
field galaxies, whilst the red solid line corresponds to protocluster galaxies.
The blue dashed and dot–dashed lines correspond to just galaxies within
a 2.8 h−1 Mpc comoving (2.5 arcmin) and 1.1 h−1 Mpc comoving (1 ar-
cmin) cube centred on the most massive protocluster galaxy, respectively.
The larger of these is similar to the aperture used by Cooke et al. (2014)
and shows a strong environmental relation with the number of star-forming
galaxies observed.

z = 0 mass; however, if the first-ranked halo is very massive (so
it would be detected as a high-redshift group or cluster), then it is
likely to be a very dominant halo. Observational techniques that are
predisposed to locate protoclusters based on the mass of their main
halo (e.g. X-ray or SZ detection) are biased to select the subset of
protoclusters with single dominant haloes, and therefore are likely
to miss the majority of cluster progenitors with no dominant halo.

Having many large haloes in the same protocluster will addi-
tionally have important consequences for cluster cosmology. The
close proximity of large haloes in protoclusters will make it difficult
to separate them observationally. This may result in haloes being
classed as a single more massive object and hence discrepant with
the output of dark matter simulations.

For over a decade studies of protoclusters have used narrow filters
to isolate and study star-forming protocluster galaxies. This tech-
nique is popular as it efficiently selects a relatively clean sample of
protocluster galaxies. However, several recent observational studies
have shown that the stellar mass function of star-forming galaxies
in protoclusters differs from that of the field (Steidel et al. 2005;
Hatch et al. 2011b; Koyama et al. 2013; Cooke et al. 2014, Husband
et al., in preparation). This means that the mass function of star-
forming galaxies in protoclusters is no longer a scaled version of the
field, and hence implies that the bias of this population depends on
environment. This has severe implications for measuring the mass
overdensity: the measured galaxy overdensity may not be correctly
converted to a mass overdensity.

The semi-analytic model we have investigated suggests the
observed difference in the stellar mass functions is due to

MNRAS 452, 2528–2539 (2015)
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Protocluster would be a good laboratory
                                       to investigate massive/quiescent galaxies.

expected fraction of SF galaxies

(Muldrew et al. 2015)
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Figure 11. The galaxy stellar mass function for all galaxies within the
simulation at z = 2 (black solid line), those tagged as protocluster galaxies
(red dashed line) and those tagged as field galaxies (i.e. not protoclusters;
blue dot–dashed line). The protocluster mass function has more massive
galaxies and a shallower low-mass slope.

Koyama et al. 2013). However, this method is only able to identify
the active subset of protocluster galaxies. Here we explore how our
interpretation of the galaxy stellar mass function and overdensity of
the protocluster can be affected by only studying the star-forming
galaxy population.

In Fig. 11 we plot the galaxy stellar mass function for protocluster
members (red dashed line), field galaxies (non-protocluster mem-
bers; blue dot–dashed line) and all galaxies (the sum of the two;
black solid line) at z = 2. The shape of the protocluster mass func-
tion compared to the field differs slightly. There are more massive
galaxies in protoclusters than the field, despite there being more
galaxies in general in the field. At the low-mass end, the slope of
the protocluster mass function is shallower than that of the field.
The value for the turnover (M∗) is fractionally higher for the pro-
tocluster. The shallower low-mass slope in the semi-analytic model
protoclusters reduces the number of expected low-mass galaxies
compared to the field, but not greatly.

Conventional definitions of star-forming and non-star-forming
galaxies involve cuts in Specific Star Formation Rate (sSFR;
SFR/M∗). One such definition, used in Lani et al. (2013) for exam-
ple, is to define a galaxy as non-star-forming if its mass doubling
time, calculated from its present star formation rate, is more than
the age of the Universe. Applying this to our simulated z = 2 galaxy
sample yields a star-forming galaxy fraction corresponding to the
dashed line in Fig. 12. This demonstrates that there are fewer star-
forming galaxies in the protocluster than the field, but in general
they follow the same trend with mass.

Imaging in a narrow-band to detect emission line galaxies does
not select galaxies based on their sSFR, but instead produces a cut
in SFR. This can have a different effect, especially at the low-mass
end, as a galaxy’s SFR is dependent on its mass if it is on the main
star-forming sequence. Applying a cut of 7 M⊙ yr−1 (typical of
recent works; e.g. Cooke et al. 2014) gives a star-forming fraction

that corresponds to the solid lines in Fig. 12. This produces very
different trend to that of the sSFR cut. At low masses, the star-
forming fraction rapidly descends to zero as the cut intercepts the
star-forming main sequence. This leads to a minimum detectable
mass for emission-line-selected galaxies such as those observed
in Hα narrow-band images. Thus selecting galaxies by their star
formation rate biases against low-mass galaxies.

The limitations of instrumental field of view mean that only
a small fraction of the protocluster is typically observed. If we
consider only the central region of the protocluster, rather than all
members, we get a further bias in the results. Fig. 13 replots the star-
forming fraction of protocluster and field galaxies with a 7 M⊙ yr−1

cut (solid lines), but only including the star-forming galaxies within
the central 2.8 h−1 Mpc comoving (2.5 arcmin; blue dashed line) and
1.1 h−1 Mpc comoving (1 arcmin; blue dot–dashed line) regions of
the protocluster. Using the small window only captures the densest
region where quenching is efficient and has led to a much lower
fraction of star-forming galaxies relative to the field.

By observing only the star-forming galaxies in the main halo of
the protocluster we obtain a very biased view of the mass function
of protocluster galaxies. Having a fixed threshold intercepts the
star-forming main sequence resulting in the suppression of galax-
ies detected below 1010 M⊙ and a near total loss of galaxies be-
low 109 M⊙. In addition to the loss of galaxies because they drop
below the star formation rate threshold, the small windows used
for narrow-band observations result in a further loss. Focusing on
just the very centre, as opposed to the full protocluster, signifi-
cantly increases the quenched fraction of galaxies. This is because
more environmental quenching occurs within the densest part of
the protocluster. While larger apertures would reveal more of the
protocluster, it would also increase the level of contamination of
non-protocluster members. For small apertures the sample has little
contamination, but by 10 h−1 Mpc at least 20 per cent of low-mass
galaxies are interlopers.

An important side effect of losing low-mass galaxies in narrow-
band observations is that the measured overdensities for protocluster
will be highly uncertain. If the full observed sample of galaxies is
used, then the absence of low-mass galaxies in the protocluster
compared with the field will lead to the overdensity being under-
estimated. Using a mass cut, however, is also problematic. The
simulations indicate that almost all very massive galaxies reside in
protoclusters and this will lead to an unrepresentative field sample,
leading to a very high overdensity estimate. Quantifying the over-
density accurately is important for estimating the eventual mass of
the protocluster using the Chiang et al. (2013) method. Due to the
above reasons, it is not advisable to estimate the mass of a proto-
cluster from the overdensity measured from the excess of emission
line galaxies in a small field of view.

4 IM P L I C AT I O N S FO R O B S E RVATI O N S

We have explored the difference between protoclusters and high-
redshift clusters using a semi-analytic model applied to the Mil-
lennium Simulation. Clusters were identified as z = 0 haloes with
masses greater than or equal to 1014 h−1 M⊙. All galaxies that will
merge to make these clusters were tagged at higher redshift and
classed as protocluster members. The most massive virialized dark
matter halo in the protocluster is defined as the main halo, and would
be observed as a high-redshift cluster or group if it were massive
enough.

We find that protoclusters are very extended, with 90 per cent of
the mass spread over ∼35 h−1 Mpc comoving at z = 2 (11 h−1 Mpc
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Figure 12. The fraction of star-forming galaxies as a function of mass using
two different star formation cuts. The solid lines correspond to a fixed cut
in SFR (Cooke et al. 2014), while the dashed line corresponds to a fixed cut
in sSFR (Lani et al. 2013). A fixed SFR cut, such as that in Hα narrow-band
observations, can cause the artificial loss of star-forming low-mass galaxies.

physical; 30 arcmin). This is far larger than the typical targeted
observations of protoclusters being currently conducted using line-
emitting galaxies. This implies that these studies of protoclusters
and high-redshift clusters are not imaging all of the protocluster,
but instead are focused on only a small part of the structure.

The protocluster structure comprises many haloes linked by fila-
ments. This has important consequences for the evolution of cluster
galaxies, since not all galaxies that make up the cluster at z = 0
have had the same environmental history. Some will have formed
in the main halo, others will have been residing in smaller haloes or
in filaments for much of their history. Thus the environmental his-
tory of cluster galaxies is complex and non-uniform. Some galaxies
experience strong ‘environment preprocessing’, where galaxies ex-
perience environmental effects prior to cluster infall, whereas others
do not (e.g. De Lucia et al. 2012).

We find that the largest halo of the protocluster only hosts a
minority of protocluster galaxies at high redshift, with typically
less than 20 per cent of galaxies with M∗ > 109 h−1 M⊙ residing
within it at z > 2. To study the evolution of cluster galaxies it is
therefore essential that a representative fraction of the protocluster
is observed, and not simply the minority of protocluster galaxies that
reside within the high-redshift cluster core. Whilst this will improve
our understanding of the role of preprocessing, it does come at the
expense of sample purity.

We have shown that only a small subset of protoclusters evolve
as a single main halo with significantly smaller objects merging on
to it. Only 10 per cent of protoclusters at z = 2 are dominated by a
single halo, i.e. where no other member haloes in the protocluster
have more than 20 per cent of the main halo’s mass. A fifth of proto-
clusters exhibit very little difference between the most massive and
second-ranked halo as the mass ratio is >0.8. Whether a protoclus-
ter contains a dominant halo at high redshift does not depend on its

Figure 13. The fraction of star-forming galaxies with respect to environ-
ment using a fixed SFR cut at z = 2. The black solid line corresponds to
field galaxies, whilst the red solid line corresponds to protocluster galaxies.
The blue dashed and dot–dashed lines correspond to just galaxies within
a 2.8 h−1 Mpc comoving (2.5 arcmin) and 1.1 h−1 Mpc comoving (1 ar-
cmin) cube centred on the most massive protocluster galaxy, respectively.
The larger of these is similar to the aperture used by Cooke et al. (2014)
and shows a strong environmental relation with the number of star-forming
galaxies observed.

z = 0 mass; however, if the first-ranked halo is very massive (so
it would be detected as a high-redshift group or cluster), then it is
likely to be a very dominant halo. Observational techniques that are
predisposed to locate protoclusters based on the mass of their main
halo (e.g. X-ray or SZ detection) are biased to select the subset of
protoclusters with single dominant haloes, and therefore are likely
to miss the majority of cluster progenitors with no dominant halo.

Having many large haloes in the same protocluster will addi-
tionally have important consequences for cluster cosmology. The
close proximity of large haloes in protoclusters will make it difficult
to separate them observationally. This may result in haloes being
classed as a single more massive object and hence discrepant with
the output of dark matter simulations.

For over a decade studies of protoclusters have used narrow filters
to isolate and study star-forming protocluster galaxies. This tech-
nique is popular as it efficiently selects a relatively clean sample of
protocluster galaxies. However, several recent observational studies
have shown that the stellar mass function of star-forming galaxies
in protoclusters differs from that of the field (Steidel et al. 2005;
Hatch et al. 2011b; Koyama et al. 2013; Cooke et al. 2014, Husband
et al., in preparation). This means that the mass function of star-
forming galaxies in protoclusters is no longer a scaled version of the
field, and hence implies that the bias of this population depends on
environment. This has severe implications for measuring the mass
overdensity: the measured galaxy overdensity may not be correctly
converted to a mass overdensity.

The semi-analytic model we have investigated suggests the
observed difference in the stellar mass functions is due to
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Protocluster would be a good laboratory
                                       to investigate massive/quiescent galaxies.

expected fraction of SF galaxies

(Muldrew et al. 2015)

Multi medium-band imaging is key
                         to understand environmental effect.



Summary

•Protocluster are good laboratories  
                          to investigate galaxy evolution.  

•NB imaging is effective to search protoclusters.  

•NB imaging can find different scale of  
                            protocluster from BB imaging.

•Protoclusters are good targets to find  
       massive/quiescent galaxies by MB imaging.


