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ABSTRACT
Observational investigations of the abundance of massive precursors of local galaxy clusters
(‘proto-clusters’) allow us to test the growth of density perturbations, to constrain cosmolog-
ical parameters that control it, to test the theory of non-linear collapse and how the galaxy
formation takes place in dense environments. The Planck collaboration has recently published
a catalogue of �2000 cold extragalactic sub-millimeter sources, i.e. with colours indicative of
z � 2, almost all of which appear to be overdensities of star-forming galaxies. They are thus
considered as proto-cluster candidates. Their number densities (or their flux densities) are far
in excess of expectations from the standard scenario for the evolution of large-scale structure.
Simulations based on a physically motivated galaxy evolution model show that essentially all
cold peaks brighter than S545GHz = 500 mJy found in Planck maps after having removed the
Galactic dust emission can be interpreted as positive Poisson fluctuations of the number of
high-z dusty proto-clusters within the same Planck beam, rather then being individual clumps
of physically bound galaxies. This conclusion does not change if an empirical fit to the lu-
minosity function of dusty galaxies is used instead of the physical model. The simulations
accurately reproduce the statistic of the Planck detections and yield distributions of sizes
and ellipticities in qualitative agreement with observations. The redshift distribution of the
brightest proto-clusters contributing to the cold peaks has a broad maximum at 1.5 ≤ z ≤ 3.
Therefore follow-up of Planck proto-cluster candidates will provide key information on the
high-z evolution of large scale structure.

Key words: galaxies: clusters: general – galaxies: evolution – large-scale structure of
Universe – submillimetre: galaxies.

1 IN T RO D U C T I O N

Observations of the early evolution of large scale structure are
important tools for testing galaxy formation theories, investigat-
ing galaxy evolution in dense environments and getting indepen-

� E-mail: NegrelloM@cardiff.ac.uk

dent constraints on fundamental cosmological parameters (e.g.
Harrison & Coles 2012; Casey 2016). This has motivated sev-
eral observational efforts to identify high-redshift proto-clusters of
galaxies (for a review see Overzier 2016) defined as high-z galaxy
overdensities that will evolve into the local galaxy clusters.

The detection of these objects, however, proved to be challenging.
Above z � 1.5 the searches via the X-ray emission or the Sunyaev–
Zeldovich (SZ) effect as well as the optical detection of the galaxy
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red sequence are inefficient, not only because of the difficulty of
high-z observations but even more because these methods are ap-
propriate to detect evolved clusters with mature galaxy populations
or the signature of a hot intercluster medium (ICM). But in high-z
proto-clusters the ICM may not have yet reached the high temper-
atures necessary for X-ray or SZ detections, and member galaxies
may be still in the active star-formation phase.

Indeed, (sub-)millimeter surveys with Herschel, Submillimetre
Common-User Bolometer Array-2 (SCUBA-2) or APEX LABOCA
proved to be capable of detecting candidate high-z proto-clusters
of star-bursting galaxies (Valtchanov et al. 2013; Rigby et al. 2014;
Dannerbauer et al. 2014; Casey et al. 2015; Ma et al. 2015; Clements
et al. 2016). These objects are however rare and therefore very large
area surveys are necessary to get a good statistics. As first pointed
out by Negrello et al. (2005) low-resolution sub-mm surveys, such
as those carried out by the Planck satellite, are very well suited for
detecting proto-clusters because they integrate over the emission of
all star-forming member galaxies, not only of those above some
detection limit.

The Planck Collaboration XXXIX (2016, PCXXXIX hereafter)
provided a catalogue of 2151 cold sub-mm sources with spectral
energy distributions peaking between 353 and 857 GHz at 5arcmin
resolution, detected by Planck in the cleanest 26 per cent of the
sky, with flux density at 545 GHz above 500 mJy. This is referred
to as the Planck high-z, or PHz, sample. The vast majority of the
sources in the sample appear as overdensities of dusty star-forming
galaxies, having colours consistent with z ≥ 2 and were considered
as proto-cluster candidates.

Planck Collaboration XXVII (2015) used the Spectral and Pho-
tometric Imaging Receiver (SPIRE) on the Herschel satellite to
perform follow-up observations of 234 cold Planck sources, satis-
fying the criterion of having their rest-frame far-infrared (FIR) peak
redshifted to the frequency range 353 − 857 GHz, as expected for
galaxies in the redshift range z = 2–4. Usable results were obtained
for 228 of them, including 83 of the 203 sources within the area
covered by the PHz sample. About 94 per cent of the SPIRE sources
associated with the 228 Planck objects were found to be consistent
with being galaxy overdensities; their (photometric) redshift distri-
bution peaks at z � 2 for a typical dust temperature of 35 K. Seven
sources (about 3 per cent) are candidate lensed systems; all of them
have spectroscopic redshifts and are at z > 2.2 (Cañameras et al.
2015).

As pointed out by PCXXXIX the nature of the high-z galaxy
overdensities is still uncertain. Given the large uncertainties in the
photometric redshift estimates, it is impossible, at present, to es-
tablish whether galaxies making up the overdensities are physically
related or are just part of random fluctuations in the galaxy number
density within the Planck resolution element.

PCXXXIX found that the distribution of the total (8–1000 μm) in-
frared (IR) luminosities of overdensities peaks around 2 × 1014 L�
for their reference dust temperature of 35 K. Using the calibration
by Kennicutt & Evans (2012), the corresponding star formation
rate (SFR) is �3 × 104 M� yr−1. The associated halo mass, Mh,
can be estimated using the SFR–Mh relation at z = 2 derived by
Aversa et al. (2015) exploiting the abundance matching technique.
For mean SFRs in the range 30–1000 M� yr−1 (the typical SFR
of z � 2 star-forming galaxies is �300 M� yr−1, see fig. 9 of Cai
et al. 2014) the sum of halo masses of star-forming galaxies is
Mh,sf � 5 × 1014 M�, independently of the SFR. If the lifetime of
the star-forming phase is tsf, the total halo mass is Mh � Mh,sf(tu/tsf),
where tu � 3.3 Gyr is the age of the universe at z � 2. Since tsf is
likely <1 Gyr, Mh is probably several times larger than Mh,sf. The

redshift-dependent halo mass function by Sheth & Tormen (1999)
gives a surface density of haloes with mass larger than Mh,sf at
z > 2 of ∼5 × 10−5 deg−2 (and much lower than that for Mh,
since the density sinks down exponentially in this mass range) to
be compared with the surface density of Planck overdensities of
0.21 deg−2. This already highlights a problem with the interpreta-
tion of overdensities as proto-clusters.

To look for a plausible explanation of the results by PCXXXIX we
have updated the study by Negrello et al. (2005) who worked out a
formalism to derive the IR luminosity functions and number counts
of proto-clusters of dusty galaxies. In the last decade the amount of
data on the cosmological evolution of the IR luminosity function and
on the clustering properties of dusty galaxies has grown enormously,
allowing us to put our estimates on a much more solid basis than
what was possible in 2005. We will adopt as our reference the latest
Cai et al. (2013) version of the self-regulated galaxy evolution
model developed by Granato et al. (2004) and Lapi et al. (2006,
2011). However we checked that our results and conclusions do not
significantly change if we adopt an empirical fit of the luminosity
function of dusty galaxies (e.g. Mancuso et al. 2016).

The paper is organized as follows. In Section 2, we review and
update the formalism introduced by Negrello et al. (2005), while in
Section 3 we briefly describe the model adopted for the luminosity
function and the clustering properties of dusty galaxies. Predictions
for the number counts of proto-clusters and comparison with data
are presented in Section 4. In Section 5, we investigate the effect on
the estimated number counts of Poisson fluctuations of the number
of proto-clusters within the Planck beam. Section 6 summarizes and
discusses our main conclusions.

Throughout the paper we assume a flat cold dark matter cosmol-
ogy with �0, m = 0.315, �0, b = 0.044, h = 0.67 and σ 8 = 0.81, with
an index n = 1 for the power spectrum of primordial density fluc-
tuations, consistent with the Planck results (Planck Collaboration
XIII 2016).

2 FORMALI SM

The mean luminosity of a clump of clustered galaxies or of a proto-
cluster, at redshift z is1 (Peebles 1980)

L̄cl(z) =
∫
L

dN (L′, z)

dL′dV
L′dL′

∫
Vcl

ξ (r, z)dV , (1)

where dN(L, z)/dLdV is the comoving luminosity function of galax-
ies and ξ (r, z) is their spatial correlation function; Vcl is the volume
of the proto-cluster (the choice of the proto-cluster radius will be
discussed in Section 3), while r is the comoving radial distance to
the volume element dV. The variance of the clump luminosity is

σ 2
Lcl

(z) =
∫
L

dN (L′, z)

dL′dV
L′2dL′

∫
Vcl

ξ (r, z) dV

+
[∫

L

dN (L′, z)

dL′dV
L′dL′

]2 ∫ ∫
Vcl

[ζ (r1, r2, z)

+ ξ (r12, z) − ξ (r1, z)ξ (r2, z)]dV1dV2, (2)

where r12 is the comoving distance between the volume elements
dV1 and dV2, and ζ is the reduced part of the three-point spatial

1 At variance with Negrello et al. (2005) we have now dropped from the
equations all the Poisson terms, as we are specifically interested in physically
related galaxies.
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correlation function for which we assume the standard hierarchical
formula:

ζ (r1, r2) = Q(z) [ξ (r1)ξ (r2) + ξ (r1)ξ (r12) + ξ (r12)ξ (r2)] . (3)

The variance of clump luminosities [equation (2)] is the sum of the
contributions from fluctuations in the total luminosity and in the
number of member sources.

Using equation (3) we rewrite equation (2) as

σ 2
cl(z) =

∫
L

dN (L′, z)

dL′dV
L′2dL′

∫
V

ξ (r, z)dV

+
[∫

L

dN (L′, z)

dL′dV
L′dL′

]2

[Q(z) − 1]

(∫
V

ξ (r, z)dV

)2

+
[∫

L

dN (L′, z)

dL′dV
L′dL′

]2

2Q(z)
∫ ∫

V

ξ (r12, z)ξ (r1)dV1dV2

+
[∫

L

dN (L′, z)

dL′dV
L′dL′

]2

∫ ∫
V

ξ (r12, z)dV1dV2. (4)

The statistics of the matter-density distribution found in N-body
simulations are successfully reproduced by a log-normal function
(Coles & Jones 1991; Kofman et al. 1994; Taylor & Watts 2000;
Kayo, Taruya & Suto 2001; Taruya, Hamana & Kayo 2003), not
only in weakly non-linear regimes, but also up to density contrasts
δ ≈ 100. If light is a (biased) tracer of mass, fluctuations in the
luminosity density should reflect the statistics of the matter-density
field. Therefore we adopt, following N05, a log-normal shape for
the distribution of Lcl. This function is completely determined by
its first (mean) and second (variance) moments:

dN (Lcl, z)

dLcldV
= exp[− 1

2 [ln Lcl − μ(z)]2/σ 2(z)]√
2πσ 2(z)Lcl

, (5)

where

μ(z) = ln

⎡
⎣ L̄2

cl(z)√
σ 2

Lcl
(z) + L̄2

cl(z)

⎤
⎦, (6)

σ 2(z) = ln

[
σ 2

Lcl
(z)

L̄2
cl(z)

+ 1

]
. (7)

The function is normalized by requiring the conservation of the
luminosity density∫

Lcl

dN (L′
cl, z)

dL′
cldV

L′
cldL′

cl =
∫
L

dN (L′, z)

dL′dV
L′dL′. (8)

3 A D O P T E D M O D E L FO R D U S T Y G A L A X I E S

We compute the clump total-infrared (8−1000 μm) luminosity
function using the redshift-dependent IR luminosity function of
dusty galaxies provided by the Cai et al. (2013, C13 hereafter)
model which accurately reproduces the observational determina-
tions, available up to z � 4 (see Fig. 1 of Bonato et al. 2014),

Figure 1. Upper panel: spatial correlation length of proto-spheroids esti-
mated by Cai et al. (2013; solid line) compared to the observational de-
termination by Chen et al. (2016) from a sample of near-infrared selected
sub-millimeter galaxies (red dots). Lower panel: lower and upper limits on
the value of r adopted for integration in equations (1) and (4). The dotted
curve shows, for comparison, the comoving scale corresponding to an an-
gular separation of 5 arcmin, approximately the FWHM of the Planck beam
at 545 GHz.

as well as a broad variety of other relevant data.2 In order to as-
sess the robustness of our results we also work out predictions
based on a parametric fit to the infrared luminosity function of
dusty galaxies. Specifically, we use the results by Mancuso et al.
(2016) who preformed a fit to the global, redshift-dependent, SFR
function of galaxies measured at UV and FIR wavelengths by the
Hubble and the Herschel space telescopes. As we are interested in
the dust-obscured phase of the formation of galaxy clusters at z �
1, we just need the part of the global SFR function above SFR �
50 M� yr−1 [corresponding to luminosities LSFR � few × 1011 L�
(Kennicutt & Evans 2012)], where, generally, the star formation is
heavily obscured by dust. In practise we identify the value of the
SFR at which the global SFR function is a factor of 10 higher
than the SFR function derived by Mancuso et al. (2016) from
UV (dust-corrected) data alone and apply an exponential cut-off

2 A tabulation of the IR luminosity function at several redshifts as
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Figure 6. Examples of sources detected in the 545 GHz simulated map (black and white image in the background). The red ellipsis is the Gaussian fit to the
detection, while the spots mark the five brightest proto-clusters within the ellipsis, scaled in size according to their flux density (i.e. the brighter the clump, the
bigger the spot).

Figure 7. Distribution of FWHMs and ellipticities, ε, derived from the
simulations for detections with SNR ≥ 5 and F545GHz ≥ 500 mJy (yellow
histograms), compared to those measured for the PHz sample, normalized to
the number of sources in the simulation (solid line). The FWHM is defined
as (FWHMmajor × FWHMminor)1/2 where FWHMmajor and FWHMminor are
the major and the minor FWHM derived from the Gaussin fit, while the
ellipticity is defined as ε = [1 − (FWHMminor/FWHMmajor)2]1/2. Note that
the simulations cannot reproduce accurately the selection criteria of the PHz
sample, nor the procedures for measuring the FWHM and the ellipticity.
Hence a precise match between the model and the observed distributions
cannot be expected (see text).

and dust emissivity index β = 1.5) of the Herschel/SPIRE detected
sources associated with the Planck candidate proto-clusters (Planck
Collaboration XXVII 2015, black histogram in the same figure).
Both histograms peak in the redshift range z = 1.5−3 showing the
great potential offered by the Planck catalogue for studying the
early phases of clusters formation.

6 C O N C L U S I O N S

The PHz catalogue appears to be dominated by overdensities of
star-forming galaxies plus a small fraction of strongly gravita-
tionally lensed galaxies (around 3 per cent; Planck Collaboration
XXVII 2015). Motivated by these results, we have updated the N05

Figure 8. Redshift distribution of the brightest proto-clusters associated
with the sources detected in the simulation with SNR ≥ 5 and F545GHz

≥ 500 mJy (yellow histogram). For comparison we show the photometric
redshift distribution of the Planck candidate proto-clusters (Planck Collab-
oration XXVII 2015) derived from the associated Herschel/SPIRE sources
(black line) assuming a modified blackbody spectrum with dust temperature
T = 35 K and dust emissivity index β = 1.5.

predictions for the number counts of proto-clusters of star-forming
galaxies and compared them with observational estimates.

We stress that our results are largely model-independent. The
basic ingredients of our calculations are the sub-mm luminosity
functions of high-z galaxies and their spatial correlation function.
The luminosity functions have been observationally determined up
to z � 4, based on Herschel survey data (Gruppioni et al. 2013).
The model we have used reproduces very well the observational
determinations at each redshift (Cai et al. 2013; Bonato et al. 2014).
Furthermore, we have shown that the results do not change signif-
icantly if the model is replaced by an empirical fit of the observed
luminosity function of dusty galaxies (Mancuso et al. 2016). As
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shown by Fig. 2, our model also provides an accurate representa-
tion of the observed redshift dependent correlation functions.

We find that the counts of sub-mm bright proto-clusters, obtained
in the framework of the standard  cold dark matter cosmology,
are well below the observational estimates by PCXXXIX. A similar
conclusion can be inferred from the results of Granato et al. (2015)
who also predict, by using a completely different approach, a num-
ber of proto-clusters well below the one suggested by the statistics
of Planck detections.

We have shown that this basically follows from the fact that,
at high z, there are not enough sufficiently massive haloes. On
the other hand we have shown, by means of simulations, that the
Planck cold intensity peaks are fully consistent with being mostly
random fluctuations in the number of unrelated proto-clusters at
z ≥ 2 within the Planck beam. This is highlighted in Fig. 6 where
examples of sources detected in the simulation are shown together
with the brightest proto-clusters they are comprised of. The counts
of these fluctuations match very well with those of cold peaks and
there is qualitative agreement also with the distributions of their
FWHM’s and of their ellipticities. Interestingly, the only Planck
overdensity for which spectroscopic or photometric redshifts of
member galaxies have been obtained, was found to consist of two
physically unrelated structures at z ∼ 1.7 and z ∼ 2 (Flores-Cacho
et al. 2016).

The redshift distribution of the brightest proto-clusters contribut-
ing to the cold peaks, given by the model, has a broad maximum
between z = 1.5 and z = 3. Therefore, follow-up observations of
galaxies within the Planck overdensities providing redshift esti-
mates would be a powerful tool to investigate the early phases of
cluster formation, inaccessible by other means.
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