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The two-point correlation function depends on galaxy properties.

(at a fixed redshift)
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faint sources corresponding to far fainter far-IR luminosities, char-
acteristic of typical z ∼ 2 star-forming galaxies rather than the
powerful, luminous starbursts that are conventionally referred to as
SMGs in the literature.

4.3 Progenitors and descendants of SMGs

Our improved clustering measurement allows us to place SMGs
in the context of the cosmological history of star formation and
growth of DM structures. Because the clustering amplitude of dark
matter haloes and their evolution with redshift are directly predicted
by simulations and analytic theory, we can use the observed clus-
tering to connect the SMG populations to their descendants and
progenitors, estimate lifetimes, and constrain starburst triggering
mechanisms.

We first compare the clustering amplitude of SMGs with other
galaxy populations over a range of redshifts1. Figure 6b shows the
approximate ranges of measurements of r0 for a variety of galaxy
and AGN populations. We also show the evolution of r0 with red-
shift for DM haloes of different masses, determined by fitting a
power law with γ = 1.8 to the DM correlation function output by
HALOFIT. Finally, we show the observed r0 for the current SMG
sample, along with the expected evolution in r0 for haloes that
have the observed Mhalo for SMGs at z = 2, calculated using
the median growth rate of haloes as a function of Mhalo and z
(Fakhouri, Ma & Boylan-Kolchin 2010)2.

Figure 6b shows that while the DM halo mass for the SMGs
will increase with time from z ∼ 2 to z = 0, the observed r0
stays essentially constant, meaning that the progenitors and descen-
dants of SMGs will be populations with similar clustering ampli-
tudes. Our measurement of r0 shows that the clustering of SMGs
is consistent with optically-selected QSOs (e.g., Croom et al.
2005; Myers et al. 2006; da Ângela et al. 2008; Ross et al. 2009).
SMGs are more strongly clustered than the typical star-forming
galaxy populations at all redshifts (e.g. Adelberger et al. 2005;
Gilli et al. 2007; Hickox et al. 2009; Zehavi et al. 2011), and are
clustered similarly or weaker than massive, passive systems (e.g.,
Quadri et al. 2007, 2008; Wake et al. 2008b; Blanc et al. 2008;
Kim et al. 2011; Zehavi et al. 2011). The clustering results indicate
that SMGs will likely evolve into the most massive, luminous early
type galaxies at low redshift. We note that the descendants of typi-
cal SMGs are not likely to reside in massive clusters at z = 0, but
into moderate- to high-mass groups of ∼ a few ×1013 h−1 M#.
Although some SMGs could evolve into massive cluster galaxies,
the observed clustering suggests that most will end up in less mas-
sive systems.

A schematic picture of the evolution of SMGs is
shown in Figure 7, which shows evolution in the mass of
haloes with redshift as traced by their median growth rate
(Fakhouri, Ma & Boylan-Kolchin 2010). The typical progenitors
of SMGs would have Mhalo ∼ 1012 h−1 M# at z ∼ 5, which cor-
responds to the host haloes of bright LBGs at those redshifts (e.g.,
Hamana et al. 2004; Lee et al. 2006). At low redshift, the SMG
descendants will have Mhalo = (0.6–5) × 1013 h−1 M#. Halo
occupation distribution fits to galaxy clustering suggest that these
haloes host galaxies with luminosities L ∼ 2–3L∗ (Zehavi et al.

1 Myers et al. (2006) and Ross et al. (2009) determine r0 from QSOs as-
suming a power law correlation function with γ = 2. To estimate r0 for
γ = 1.8, we multiply the quoted values by 0.8, appropriate for fits over the
range 1 ! R ! 100 h−1 Mpc.
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Figure 6. (a) Our new measurement of the autocorrelation length r0 for
SMGs, compared to previous results using samples with similar ∼850 µm
flux limits. The two sets of error bars on the Webb et al. (2003) measure-
ment indicate statistical (±3 h−1 Mpc) and systematic (±3 h−1 Mpc) un-
certainties separately. On the Blain et al. (2004) measurement, the smaller
errors represent the uncertainties quoted by the authors, while the larger
errors account for angular clustering and redshift spikes as estimated by
Adelberger (2005). Our results are consistent with previous measurements
and represent a significant improvement in precision. (b) Our measure-
ment of the autocorrelation length r0 of SMGs, compared to the approxi-
mate r0 (with associated measurement uncertainties) for a variety of galaxy
and AGN populations: optically-selected SDSS QSOs at 0 < z < 3
(Myers et al. 2006; Ross et al. 2009), Lyman-break galaxies (LBGs) at
1.5 ! z ! 3.5 (Adelberger et al. 2005), MIPS 24 µm-selected star-forming
galaxies at 0 < z < 1.4 (Gilli et al. 2007), typical red and blue galax-
ies at 0.25 ! z ! 1 from the AGES (Hickox et al. 2009) and DEEP2
(Coil et al. 2008) spectroscopic surveys, luminous red galaxies (LRGs) at
0 < z < 0.7 (Wake et al. 2008b), and optically-selected galaxy clusters at
0.1 < z < 0.3 (Estrada, Sefusatti & Frieman 2009). In addition, we show
the full range of r0 for low-redshift galaxies with r-band luminosities in the
range 1.5 to 3.5 L∗, derived from the luminosity dependence of clustering
presented by Zehavi et al. (2011); these luminous galaxies are primarily el-
lipticals, as discussed in § 4.3. Dotted lines show r0 versus redshift for DM
haloes of different masses. The thick solid line shows the expected evolu-
tion in r0, accounting for the increase in mass of the halo, for a halo with
mass corresponding to the best-fit estimate for SMGs at z = 2. The results
indicate that SMGs are clustered similarly to QSOs at z ∼ 2 and can be
expected to evolve into luminous elliptical galaxies in the local Universe.
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Against of the intuitive expectation in 
which the clustering of a population 
would increase with time, we observe 
that some population are equally 
clustered over long times and some of 
them decrease their clustering with time.



This class: Interpreting clustering measurements 

How can we interpret the different r0 values for different populations?

How can we interpret the evolution of r0 with redshift for the different populations? 

How can we translate r0 measurement to dark matter halos estimations?

Can we build a coherent evolutionary scenario using clustering measurements? 



How can we interpret all these r0 measurements?

To understand this, we need to review the basics of the growth of structure in the universe.

Let’s remember lecture 1: Dark matter distribution at three different epochs.

z=5.7 z=1.4

Matter overdensities grow over time and become more and more overdense.

z=0.0



How can we interpret all these r0 measurements?

z=5.7 z=1.4
At some point material start to collapse to form dark matter halos.


Galaxies form in these dark matter halos 

z=0.0

δ > δc



How to relate clustering of galaxies with the distribution of matter in the universe?

Does the total matter have the same distribution of luminous matter?

Matter is composed by baryonic and dark matter, with dark being dominant. But, we only can directly observe baryonic 
(luminous) matter and therefore only measure clustering for it. 

If the answer is yes: nice! we can just measure the 
clustering of galaxies, and then we can learn about 
dark matter distribution. 


However the answer is: more or less but not 
completely.



Since dark matter halos are made of dark matter, intuitively we could think that the number density of dark matter 
halos is proportional to the matter density, and then we could think that the distribution of dark matter halos is the 
same as the distribution of dark matter. 

 Why the distribution of galaxies is not the same as the 
distribution of dark matter?

In this case we could say that dark matter halos are unbiased tracers of dark matter, and given that galaxies 
form in dark matter halos, then we could say that the number density of galaxies and their distribution are 
unbiased tracers of dark matter, i.e light traces matter.



However, not even dark matter halos are unbiased tracers of dark matter, because 
a dark matter halo of certain mass only can be formed under certain conditions, that are 
not fulfilled in all the overdensities of dark matter. 

Dark matter halos of certain mass form when the density contrast 𝜹 reach a certain 
threshold, such that gravity is high enough in that region.

 Why the distribution of galaxies is not the same as the 
distribution of dark matter?

δ > δc



 Why the distribution of galaxies is not the same as the 
distribution of dark matter?
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Threshold at which a 
massive DM halo can 

be formed

DM halos will form in 
the positions indicated 

by the arrows.

If we imagine that dark matter 
distribution (represented by the 
solid line) only have small-scale 
fluctuations in the density field, 
we would have this situation:

Massive DM halos can be formed on the position where small-scale fluctuations of 
matter are large. If the fluctuation is small, massive DM halos cannot be formed.

If this were the case, then dark matter halos would trace dark matter distribution: 
Halos form in locations where there is more dark matter.



However, there are also large-scale 
fluctuations in the density field 
(represented as a dashed line):
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8. Cosmology III: The Cosmological Parameters

Fig. 8.3. The sketch represents a particular model of biasing.
Let the one-dimensional density profile of matter be speci-
fied by the solid curve, which results from a superposition of
a large-scale (represented by the dashed curve) and a small-
scale fluctuation. Assuming that galaxies can form only at
locations where the density field exceeds a certain threshold –

plotted as a straight line – the galaxies in this density profile
will be localized at the positions indicated by the arrows. Ob-
viously, the locations of the galaxies are highly correlated;
they only form near the peaks of the large-scale fluctuation. In
this picture, the correlation of galaxies on small scales is much
stronger than the correlation of the underlying density field

Shape of the Power Spectrum. If one assumes that
b does not depend on the length-scale considered, the
shape of the dark matter power spectrum can be deter-
mined from the power spectrum Pg(k) of the galaxies,
whereas its amplitude depends on b. As we have seen in
Sect. 7.4.2, the shape of P(k) is described by the shape
parameter Γ = h Ωm in the framework of CDM models.

The comparison of the shape of the power spectrum
of galaxies with that of CDM models yields Γ ∼ 0.25
(see Fig. 8.4). Since Γ = hΩm, this result indicates
a Universe of low density (unless h is unreasonably
low).

In the 2dFGRS, the power spectrum of galaxies
was measured with a much higher accuracy than had
previously been possible. Since a constant b can be
expected, at best, in the linear domain, i.e., on scales
above ∼ 10h−1 Mpc, only such linear scales are used
in the comparison with the power spectra from CDM
models. As the density parameter Ωm seems to be rela-
tively small, the baryonic density plays a noticeable role
in the transfer function (see Eq. 7.25) which depends
on Ωb as well as on Γ . The measurement accuracy of
the galaxy distribution in the 2dFGRS is high enough
to be sensitive to this dependence. In Fig. 8.5, the mea-
sured power spectrum of galaxies from the 2dFGRS
is shown, together with predictions from CDM mod-
els for different shape parameters Γ . Two families of
model curves are drawn: one where the baryon density

is set to zero, and the other for the value of Ωb which
results from the analysis of primordial nucleosynthesis
(see Sect. 4.4.4).

Considering models in which Ωb is a free parameter,
there are two domains in parameter space for which
good fits of the power spectrum of the galaxy distribu-
tion are obtained (see Fig. 8.5). One of the two domains
is characterized by a very high baryon fraction of the
matter density, and by a very large value for Ωmh. These
parameter values are incompatible with virtually every
other determination of cosmological parameters. On the
other hand, a good fit to the shape of the power spectrum
is obtained by

Γ = Ωmh = 0.18±0.02 , Ωb/Ωm = 0.17±0.06 .

(8.5)

As is seen in Fig. 8.5, and as we will show further be-
low, these values for the parameters are in very good
agreement with those obtained from other cosmological
observations.

Comparing the power spectra of two different types
of galaxies, we should observe that they are propor-
tional to each other and to the power spectrum of dark
matter. Their amplitudes, however, may differ if their
bias factors are different. The comparison of red and
blue galaxies in the 2dFGRS shows that these indeed
have a very similar shape, supporting the assumption of
a linear biasing on large scales. However, the bias factor
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Massive DM halos can be formed even on the positions of small dark matter fluctuations. On 
the position of large matter fluctuation massive DM halos will not necessarily be formed.

Large-scale fluctuations can 
push small fluctuation over the 
threshold needed to form a halo. 

Distribution of dark matter halos (which are the locations where a galaxy 
can be formed) is not the same as the distribution of dark matter.

Threshold at which a 
massive DM halo can 

be formed
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whereas its amplitude depends on b. As we have seen in
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The comparison of the shape of the power spectrum
of galaxies with that of CDM models yields Γ ∼ 0.25
(see Fig. 8.4). Since Γ = hΩm, this result indicates
a Universe of low density (unless h is unreasonably
low).

In the 2dFGRS, the power spectrum of galaxies
was measured with a much higher accuracy than had
previously been possible. Since a constant b can be
expected, at best, in the linear domain, i.e., on scales
above ∼ 10h−1 Mpc, only such linear scales are used
in the comparison with the power spectra from CDM
models. As the density parameter Ωm seems to be rela-
tively small, the baryonic density plays a noticeable role
in the transfer function (see Eq. 7.25) which depends
on Ωb as well as on Γ . The measurement accuracy of
the galaxy distribution in the 2dFGRS is high enough
to be sensitive to this dependence. In Fig. 8.5, the mea-
sured power spectrum of galaxies from the 2dFGRS
is shown, together with predictions from CDM mod-
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model curves are drawn: one where the baryon density

is set to zero, and the other for the value of Ωb which
results from the analysis of primordial nucleosynthesis
(see Sect. 4.4.4).

Considering models in which Ωb is a free parameter,
there are two domains in parameter space for which
good fits of the power spectrum of the galaxy distribu-
tion are obtained (see Fig. 8.5). One of the two domains
is characterized by a very high baryon fraction of the
matter density, and by a very large value for Ωmh. These
parameter values are incompatible with virtually every
other determination of cosmological parameters. On the
other hand, a good fit to the shape of the power spectrum
is obtained by

Γ = Ωmh = 0.18±0.02 , Ωb/Ωm = 0.17±0.06 .

(8.5)

As is seen in Fig. 8.5, and as we will show further be-
low, these values for the parameters are in very good
agreement with those obtained from other cosmological
observations.

Comparing the power spectra of two different types
of galaxies, we should observe that they are propor-
tional to each other and to the power spectrum of dark
matter. Their amplitudes, however, may differ if their
bias factors are different. The comparison of red and
blue galaxies in the 2dFGRS shows that these indeed
have a very similar shape, supporting the assumption of
a linear biasing on large scales. However, the bias factor
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Distribution of dark matter halos (which are the locations where a galaxy 
can be formed) is not the same as the distribution of dark matter.

Dark matter halo distribution (and 
therefore the galaxy distribution) do 
not follow exactly the distribution of 
dark matter. Dark matter halos are 

said to be biased tracers of the 
underlying dark matter distribution.

The most massive dark matter halos are expected to trace worst the dark matter density distribution 
(because they only form where large scale fluctuations are high) and be the most biased. Less 
massive halos will trace better the dark matter distribution, and they are less biased.

Threshold at which a 
massive DM halo can 

be formed

Threshold at which a 
less massive DM halo 

can be formed



Distribution of dark matter halos (which are the locations where a galaxy 
can be formed) is not the same as the distribution of dark matter.

In the example shown before, this means that massive halos will not be formed in all the 
massive matter overdensitites, and that some massive halos can be formed even in not so 
massive dark matter regions (if they are just located over a large scale dark matter fluctuation).

As a result, dark matter halos do not follow exactly dark matter distribution, but they 
more or less follow it: dark matter halos are biased tracers of dark matter.



The most prominent peaks in the density field at the early universe will be the location 
of the most massive protoclusters that will evolve into massive clusters at z=0

Also remember: Not all the halos will be formed at the same time. If in some 
regions the critical density condition is reached at earlier times, then that halo will 
start forming first.

These halos will be the location of the most massive galaxy clusters in the local 
universe. 

How can we identify these locations  in the universe where the first halos formed? 
(tracers of matter overdensities) See Lecture 5



Since dark matter halo do not exactly trace the dark matter distribution, this implies that galaxies do not 
exactly trace the dark matter distribution. 

But now, Does galaxies trace the dark matter halo distribution? In general yes since galaxies only can be 
formed in collapsed dark matter halos. This would imply that the clustering of galaxies should reflect the 
clustering of dark matter halos.

 Is the distribution of galaxies the same as the 
distribution of dark matter halos?

ξgal(r) ∼ ξDMhalo(r)



 Distribution of galaxies is not equal to the distribution 
of matter but it is biased to it

Galaxy bias (bg): the relationship between the spatial distribution 
of galaxies and the underlying dark matter density field.

Galaxies are biased tracers of the 
underlying total mass field 

δg = bgδDM

Remember from Lecture 1 the 
definition of correlation function 
in terms of overdensity:

Therefore we can write the bias of galaxies as a function 
of the dark matter and galaxy correlation function:

bg = ξg/ξDM

ξ(r) = ⟨δx δy⟩

*galaxy bias ~ dark matter halo bias

If a population is less biased than other (have a lower bias value), this will follow more exactly the the dark 
matter distribution. If the population is more biased this will be a worst tracer of the dark matter distribution



How do we measure the bias?

The only measurable quantity from observations is the correlation function of 
galaxies, parametrized by r0 and 𝜸.

bg = ξg/ξDM
The only way to determine the correlation function of DM is 
using cosmological N-body simulations. They provide the 
clustering amplitude of DM halos as a function of their mass.

The computed bias depend on the cosmological 
model assumed in the simulation.

Measured from observations, 
given by the r0 and 𝜸 parameters

Determined from 
simulations

ξ(r) = ( r
r0 )

−γ



How do we measure the halo mass?

The clustering amplitude of dark matter halos as a function of halo mass is well determined in N-
body simulations. We can therefore know what is the mass of a halo given their clustering.

If we assume that the clustering of dark matter halos is the same as the clustering of galaxies 
(which is the measurable quantity) then we can obtain the mass of these halos using simulations. 

There are analytical fitting formula to compute the dark matter mass using bias (e.g. Mo & White 
1996, Sheth et al. 2001)

Clustering measurements allow us to know the halo mass of the dark matter halos where the objects live.

bg = ξg/ξDM

from observations from simulations

bg MDMhalo

from simulations (or the analytical fitted form)

Particularly,  a population with higher bias means that the population live in more massive dark matter halos



If the goal is only to study dependence of clustering with different properties of 
galaxies (at a fixed redshift), we can compute the relative bias between populations:

Relative bias

b1 = ξ1/ξDM

b2 = ξ2/ξDM

b1

b2
=

ξ1

ξ2

Independent of simulations

Useful for example to compare the clustering 
of blue vs red galaxies at the same z

If we just want to compare clustering at a fixed 
epoch, computing relative r0 (or relative biases) is 

enough. If we want to compare populations at 
different redshifts, computing the absolute bias 

will be required and more informative.



Relation between correlation length, bias 
and dark matter halo mass

A higher correlation length (r0) means a more clustered population and a higher correlation function.
At a fixed time (redshift) a higher correlation function implies a higher galaxy bias. 
At a fixed time (redshift) a higher galaxy bias implies a higher halo mass (more massive halos are more biased)

bi
as

Halo mass
Low High

Low

High

r 0

Halo mass
Low High

Low

High

ξ(r) = ( r
r0 )

−γ

bg = ξg/ξDM

How are these relations at different redshifts? (not trivial)

r 0

biasLow High

Low

High



Evolution of clustering with redshift

Overdensities of dark matter become more overdense with time, therefore the clustering of dark matter      
also increases over time (It is larger at z=0 compared with their value at z=10).

ξDM

Dark matter distribution

bg = ξg/ξDM

If a population of galaxies has a constant correlation length r0  over time, this means that their bias will 
decreases over time (the bias will be smaller at lower redshift), this will means that the population live in 
massive halos at high z, but not so massive halos at low redshift. Then, a constant r0 do not means constant 
halo mass, bias is more informative about halo mass. 

r0
 D

M

z LowHigh

Low

High
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Interpreting the dependencies of clustering with different properties

Implies that (at a fixed redshift)



Why is it useful to learn about the dark matter halos in 
which galaxies live?

It provides us a powerful insights about physical processes involved in the formation or evolution of galaxies.

For example, if high-z quasars inhabit massive halos, that means that they live in more massive environments 
with more galaxies in their neighborhood. In these environments merger are more common, and then we could 
believe that quasar may be originated, or triggered by mergers.

More massive halos

More galaxies


Higher merger rate

Less massive halos

Less galaxies


Less merger rates

Why at high redshift quasars are only found 
in extremely massive dark matter halos? One 

(possible) answer: because quasars are 
originated from mergers

*More about this type of 
interpretations in Lecture 5
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faint sources corresponding to far fainter far-IR luminosities, char-
acteristic of typical z ∼ 2 star-forming galaxies rather than the
powerful, luminous starbursts that are conventionally referred to as
SMGs in the literature.

4.3 Progenitors and descendants of SMGs

Our improved clustering measurement allows us to place SMGs
in the context of the cosmological history of star formation and
growth of DM structures. Because the clustering amplitude of dark
matter haloes and their evolution with redshift are directly predicted
by simulations and analytic theory, we can use the observed clus-
tering to connect the SMG populations to their descendants and
progenitors, estimate lifetimes, and constrain starburst triggering
mechanisms.

We first compare the clustering amplitude of SMGs with other
galaxy populations over a range of redshifts1. Figure 6b shows the
approximate ranges of measurements of r0 for a variety of galaxy
and AGN populations. We also show the evolution of r0 with red-
shift for DM haloes of different masses, determined by fitting a
power law with γ = 1.8 to the DM correlation function output by
HALOFIT. Finally, we show the observed r0 for the current SMG
sample, along with the expected evolution in r0 for haloes that
have the observed Mhalo for SMGs at z = 2, calculated using
the median growth rate of haloes as a function of Mhalo and z
(Fakhouri, Ma & Boylan-Kolchin 2010)2.

Figure 6b shows that while the DM halo mass for the SMGs
will increase with time from z ∼ 2 to z = 0, the observed r0
stays essentially constant, meaning that the progenitors and descen-
dants of SMGs will be populations with similar clustering ampli-
tudes. Our measurement of r0 shows that the clustering of SMGs
is consistent with optically-selected QSOs (e.g., Croom et al.
2005; Myers et al. 2006; da Ângela et al. 2008; Ross et al. 2009).
SMGs are more strongly clustered than the typical star-forming
galaxy populations at all redshifts (e.g. Adelberger et al. 2005;
Gilli et al. 2007; Hickox et al. 2009; Zehavi et al. 2011), and are
clustered similarly or weaker than massive, passive systems (e.g.,
Quadri et al. 2007, 2008; Wake et al. 2008b; Blanc et al. 2008;
Kim et al. 2011; Zehavi et al. 2011). The clustering results indicate
that SMGs will likely evolve into the most massive, luminous early
type galaxies at low redshift. We note that the descendants of typi-
cal SMGs are not likely to reside in massive clusters at z = 0, but
into moderate- to high-mass groups of ∼ a few ×1013 h−1 M#.
Although some SMGs could evolve into massive cluster galaxies,
the observed clustering suggests that most will end up in less mas-
sive systems.

A schematic picture of the evolution of SMGs is
shown in Figure 7, which shows evolution in the mass of
haloes with redshift as traced by their median growth rate
(Fakhouri, Ma & Boylan-Kolchin 2010). The typical progenitors
of SMGs would have Mhalo ∼ 1012 h−1 M# at z ∼ 5, which cor-
responds to the host haloes of bright LBGs at those redshifts (e.g.,
Hamana et al. 2004; Lee et al. 2006). At low redshift, the SMG
descendants will have Mhalo = (0.6–5) × 1013 h−1 M#. Halo
occupation distribution fits to galaxy clustering suggest that these
haloes host galaxies with luminosities L ∼ 2–3L∗ (Zehavi et al.

1 Myers et al. (2006) and Ross et al. (2009) determine r0 from QSOs as-
suming a power law correlation function with γ = 2. To estimate r0 for
γ = 1.8, we multiply the quoted values by 0.8, appropriate for fits over the
range 1 ! R ! 100 h−1 Mpc.
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Figure 6. (a) Our new measurement of the autocorrelation length r0 for
SMGs, compared to previous results using samples with similar ∼850 µm
flux limits. The two sets of error bars on the Webb et al. (2003) measure-
ment indicate statistical (±3 h−1 Mpc) and systematic (±3 h−1 Mpc) un-
certainties separately. On the Blain et al. (2004) measurement, the smaller
errors represent the uncertainties quoted by the authors, while the larger
errors account for angular clustering and redshift spikes as estimated by
Adelberger (2005). Our results are consistent with previous measurements
and represent a significant improvement in precision. (b) Our measure-
ment of the autocorrelation length r0 of SMGs, compared to the approxi-
mate r0 (with associated measurement uncertainties) for a variety of galaxy
and AGN populations: optically-selected SDSS QSOs at 0 < z < 3
(Myers et al. 2006; Ross et al. 2009), Lyman-break galaxies (LBGs) at
1.5 ! z ! 3.5 (Adelberger et al. 2005), MIPS 24 µm-selected star-forming
galaxies at 0 < z < 1.4 (Gilli et al. 2007), typical red and blue galax-
ies at 0.25 ! z ! 1 from the AGES (Hickox et al. 2009) and DEEP2
(Coil et al. 2008) spectroscopic surveys, luminous red galaxies (LRGs) at
0 < z < 0.7 (Wake et al. 2008b), and optically-selected galaxy clusters at
0.1 < z < 0.3 (Estrada, Sefusatti & Frieman 2009). In addition, we show
the full range of r0 for low-redshift galaxies with r-band luminosities in the
range 1.5 to 3.5 L∗, derived from the luminosity dependence of clustering
presented by Zehavi et al. (2011); these luminous galaxies are primarily el-
lipticals, as discussed in § 4.3. Dotted lines show r0 versus redshift for DM
haloes of different masses. The thick solid line shows the expected evolu-
tion in r0, accounting for the increase in mass of the halo, for a halo with
mass corresponding to the best-fit estimate for SMGs at z = 2. The results
indicate that SMGs are clustered similarly to QSOs at z ∼ 2 and can be
expected to evolve into luminous elliptical galaxies in the local Universe.
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faint sources corresponding to far fainter far-IR luminosities, char-
acteristic of typical z ∼ 2 star-forming galaxies rather than the
powerful, luminous starbursts that are conventionally referred to as
SMGs in the literature.

4.3 Progenitors and descendants of SMGs

Our improved clustering measurement allows us to place SMGs
in the context of the cosmological history of star formation and
growth of DM structures. Because the clustering amplitude of dark
matter haloes and their evolution with redshift are directly predicted
by simulations and analytic theory, we can use the observed clus-
tering to connect the SMG populations to their descendants and
progenitors, estimate lifetimes, and constrain starburst triggering
mechanisms.

We first compare the clustering amplitude of SMGs with other
galaxy populations over a range of redshifts1. Figure 6b shows the
approximate ranges of measurements of r0 for a variety of galaxy
and AGN populations. We also show the evolution of r0 with red-
shift for DM haloes of different masses, determined by fitting a
power law with γ = 1.8 to the DM correlation function output by
HALOFIT. Finally, we show the observed r0 for the current SMG
sample, along with the expected evolution in r0 for haloes that
have the observed Mhalo for SMGs at z = 2, calculated using
the median growth rate of haloes as a function of Mhalo and z
(Fakhouri, Ma & Boylan-Kolchin 2010)2.

Figure 6b shows that while the DM halo mass for the SMGs
will increase with time from z ∼ 2 to z = 0, the observed r0
stays essentially constant, meaning that the progenitors and descen-
dants of SMGs will be populations with similar clustering ampli-
tudes. Our measurement of r0 shows that the clustering of SMGs
is consistent with optically-selected QSOs (e.g., Croom et al.
2005; Myers et al. 2006; da Ângela et al. 2008; Ross et al. 2009).
SMGs are more strongly clustered than the typical star-forming
galaxy populations at all redshifts (e.g. Adelberger et al. 2005;
Gilli et al. 2007; Hickox et al. 2009; Zehavi et al. 2011), and are
clustered similarly or weaker than massive, passive systems (e.g.,
Quadri et al. 2007, 2008; Wake et al. 2008b; Blanc et al. 2008;
Kim et al. 2011; Zehavi et al. 2011). The clustering results indicate
that SMGs will likely evolve into the most massive, luminous early
type galaxies at low redshift. We note that the descendants of typi-
cal SMGs are not likely to reside in massive clusters at z = 0, but
into moderate- to high-mass groups of ∼ a few ×1013 h−1 M#.
Although some SMGs could evolve into massive cluster galaxies,
the observed clustering suggests that most will end up in less mas-
sive systems.

A schematic picture of the evolution of SMGs is
shown in Figure 7, which shows evolution in the mass of
haloes with redshift as traced by their median growth rate
(Fakhouri, Ma & Boylan-Kolchin 2010). The typical progenitors
of SMGs would have Mhalo ∼ 1012 h−1 M# at z ∼ 5, which cor-
responds to the host haloes of bright LBGs at those redshifts (e.g.,
Hamana et al. 2004; Lee et al. 2006). At low redshift, the SMG
descendants will have Mhalo = (0.6–5) × 1013 h−1 M#. Halo
occupation distribution fits to galaxy clustering suggest that these
haloes host galaxies with luminosities L ∼ 2–3L∗ (Zehavi et al.

1 Myers et al. (2006) and Ross et al. (2009) determine r0 from QSOs as-
suming a power law correlation function with γ = 2. To estimate r0 for
γ = 1.8, we multiply the quoted values by 0.8, appropriate for fits over the
range 1 ! R ! 100 h−1 Mpc.

3 4 5 6
850 µm flux limit (mJy)

0

5

10

15

20

r 0
 (h

-1
 M

pc
) Webb et al. (2003)

Weiss et al. (2009)

This work

Blain et al. (2004)

Williams et al. (2011)

(a)

1014 h-1 MO •

1013 h-1 MO •

1012 h-1 MO •

1011 h-1 MO •

0

5

10

15

r 0
 (h

-1
 M

pc
)

 

 

 

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
z

       

(b)

SMGsLRGs

LBGsMIPS SFGs

red galaxies

blue galaxies

~2-3 L*
ellipticals

QSOs

QSOs

clusters

Figure 6. (a) Our new measurement of the autocorrelation length r0 for
SMGs, compared to previous results using samples with similar ∼850 µm
flux limits. The two sets of error bars on the Webb et al. (2003) measure-
ment indicate statistical (±3 h−1 Mpc) and systematic (±3 h−1 Mpc) un-
certainties separately. On the Blain et al. (2004) measurement, the smaller
errors represent the uncertainties quoted by the authors, while the larger
errors account for angular clustering and redshift spikes as estimated by
Adelberger (2005). Our results are consistent with previous measurements
and represent a significant improvement in precision. (b) Our measure-
ment of the autocorrelation length r0 of SMGs, compared to the approxi-
mate r0 (with associated measurement uncertainties) for a variety of galaxy
and AGN populations: optically-selected SDSS QSOs at 0 < z < 3
(Myers et al. 2006; Ross et al. 2009), Lyman-break galaxies (LBGs) at
1.5 ! z ! 3.5 (Adelberger et al. 2005), MIPS 24 µm-selected star-forming
galaxies at 0 < z < 1.4 (Gilli et al. 2007), typical red and blue galax-
ies at 0.25 ! z ! 1 from the AGES (Hickox et al. 2009) and DEEP2
(Coil et al. 2008) spectroscopic surveys, luminous red galaxies (LRGs) at
0 < z < 0.7 (Wake et al. 2008b), and optically-selected galaxy clusters at
0.1 < z < 0.3 (Estrada, Sefusatti & Frieman 2009). In addition, we show
the full range of r0 for low-redshift galaxies with r-band luminosities in the
range 1.5 to 3.5 L∗, derived from the luminosity dependence of clustering
presented by Zehavi et al. (2011); these luminous galaxies are primarily el-
lipticals, as discussed in § 4.3. Dotted lines show r0 versus redshift for DM
haloes of different masses. The thick solid line shows the expected evolu-
tion in r0, accounting for the increase in mass of the halo, for a halo with
mass corresponding to the best-fit estimate for SMGs at z = 2. The results
indicate that SMGs are clustered similarly to QSOs at z ∼ 2 and can be
expected to evolve into luminous elliptical galaxies in the local Universe.
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faint sources corresponding to far fainter far-IR luminosities, char-
acteristic of typical z ∼ 2 star-forming galaxies rather than the
powerful, luminous starbursts that are conventionally referred to as
SMGs in the literature.

4.3 Progenitors and descendants of SMGs

Our improved clustering measurement allows us to place SMGs
in the context of the cosmological history of star formation and
growth of DM structures. Because the clustering amplitude of dark
matter haloes and their evolution with redshift are directly predicted
by simulations and analytic theory, we can use the observed clus-
tering to connect the SMG populations to their descendants and
progenitors, estimate lifetimes, and constrain starburst triggering
mechanisms.

We first compare the clustering amplitude of SMGs with other
galaxy populations over a range of redshifts1. Figure 6b shows the
approximate ranges of measurements of r0 for a variety of galaxy
and AGN populations. We also show the evolution of r0 with red-
shift for DM haloes of different masses, determined by fitting a
power law with γ = 1.8 to the DM correlation function output by
HALOFIT. Finally, we show the observed r0 for the current SMG
sample, along with the expected evolution in r0 for haloes that
have the observed Mhalo for SMGs at z = 2, calculated using
the median growth rate of haloes as a function of Mhalo and z
(Fakhouri, Ma & Boylan-Kolchin 2010)2.

Figure 6b shows that while the DM halo mass for the SMGs
will increase with time from z ∼ 2 to z = 0, the observed r0
stays essentially constant, meaning that the progenitors and descen-
dants of SMGs will be populations with similar clustering ampli-
tudes. Our measurement of r0 shows that the clustering of SMGs
is consistent with optically-selected QSOs (e.g., Croom et al.
2005; Myers et al. 2006; da Ângela et al. 2008; Ross et al. 2009).
SMGs are more strongly clustered than the typical star-forming
galaxy populations at all redshifts (e.g. Adelberger et al. 2005;
Gilli et al. 2007; Hickox et al. 2009; Zehavi et al. 2011), and are
clustered similarly or weaker than massive, passive systems (e.g.,
Quadri et al. 2007, 2008; Wake et al. 2008b; Blanc et al. 2008;
Kim et al. 2011; Zehavi et al. 2011). The clustering results indicate
that SMGs will likely evolve into the most massive, luminous early
type galaxies at low redshift. We note that the descendants of typi-
cal SMGs are not likely to reside in massive clusters at z = 0, but
into moderate- to high-mass groups of ∼ a few ×1013 h−1 M#.
Although some SMGs could evolve into massive cluster galaxies,
the observed clustering suggests that most will end up in less mas-
sive systems.

A schematic picture of the evolution of SMGs is
shown in Figure 7, which shows evolution in the mass of
haloes with redshift as traced by their median growth rate
(Fakhouri, Ma & Boylan-Kolchin 2010). The typical progenitors
of SMGs would have Mhalo ∼ 1012 h−1 M# at z ∼ 5, which cor-
responds to the host haloes of bright LBGs at those redshifts (e.g.,
Hamana et al. 2004; Lee et al. 2006). At low redshift, the SMG
descendants will have Mhalo = (0.6–5) × 1013 h−1 M#. Halo
occupation distribution fits to galaxy clustering suggest that these
haloes host galaxies with luminosities L ∼ 2–3L∗ (Zehavi et al.

1 Myers et al. (2006) and Ross et al. (2009) determine r0 from QSOs as-
suming a power law correlation function with γ = 2. To estimate r0 for
γ = 1.8, we multiply the quoted values by 0.8, appropriate for fits over the
range 1 ! R ! 100 h−1 Mpc.
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Figure 6. (a) Our new measurement of the autocorrelation length r0 for
SMGs, compared to previous results using samples with similar ∼850 µm
flux limits. The two sets of error bars on the Webb et al. (2003) measure-
ment indicate statistical (±3 h−1 Mpc) and systematic (±3 h−1 Mpc) un-
certainties separately. On the Blain et al. (2004) measurement, the smaller
errors represent the uncertainties quoted by the authors, while the larger
errors account for angular clustering and redshift spikes as estimated by
Adelberger (2005). Our results are consistent with previous measurements
and represent a significant improvement in precision. (b) Our measure-
ment of the autocorrelation length r0 of SMGs, compared to the approxi-
mate r0 (with associated measurement uncertainties) for a variety of galaxy
and AGN populations: optically-selected SDSS QSOs at 0 < z < 3
(Myers et al. 2006; Ross et al. 2009), Lyman-break galaxies (LBGs) at
1.5 ! z ! 3.5 (Adelberger et al. 2005), MIPS 24 µm-selected star-forming
galaxies at 0 < z < 1.4 (Gilli et al. 2007), typical red and blue galax-
ies at 0.25 ! z ! 1 from the AGES (Hickox et al. 2009) and DEEP2
(Coil et al. 2008) spectroscopic surveys, luminous red galaxies (LRGs) at
0 < z < 0.7 (Wake et al. 2008b), and optically-selected galaxy clusters at
0.1 < z < 0.3 (Estrada, Sefusatti & Frieman 2009). In addition, we show
the full range of r0 for low-redshift galaxies with r-band luminosities in the
range 1.5 to 3.5 L∗, derived from the luminosity dependence of clustering
presented by Zehavi et al. (2011); these luminous galaxies are primarily el-
lipticals, as discussed in § 4.3. Dotted lines show r0 versus redshift for DM
haloes of different masses. The thick solid line shows the expected evolu-
tion in r0, accounting for the increase in mass of the halo, for a halo with
mass corresponding to the best-fit estimate for SMGs at z = 2. The results
indicate that SMGs are clustered similarly to QSOs at z ∼ 2 and can be
expected to evolve into luminous elliptical galaxies in the local Universe.
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faint sources corresponding to far fainter far-IR luminosities, char-
acteristic of typical z ∼ 2 star-forming galaxies rather than the
powerful, luminous starbursts that are conventionally referred to as
SMGs in the literature.

4.3 Progenitors and descendants of SMGs

Our improved clustering measurement allows us to place SMGs
in the context of the cosmological history of star formation and
growth of DM structures. Because the clustering amplitude of dark
matter haloes and their evolution with redshift are directly predicted
by simulations and analytic theory, we can use the observed clus-
tering to connect the SMG populations to their descendants and
progenitors, estimate lifetimes, and constrain starburst triggering
mechanisms.

We first compare the clustering amplitude of SMGs with other
galaxy populations over a range of redshifts1. Figure 6b shows the
approximate ranges of measurements of r0 for a variety of galaxy
and AGN populations. We also show the evolution of r0 with red-
shift for DM haloes of different masses, determined by fitting a
power law with γ = 1.8 to the DM correlation function output by
HALOFIT. Finally, we show the observed r0 for the current SMG
sample, along with the expected evolution in r0 for haloes that
have the observed Mhalo for SMGs at z = 2, calculated using
the median growth rate of haloes as a function of Mhalo and z
(Fakhouri, Ma & Boylan-Kolchin 2010)2.

Figure 6b shows that while the DM halo mass for the SMGs
will increase with time from z ∼ 2 to z = 0, the observed r0
stays essentially constant, meaning that the progenitors and descen-
dants of SMGs will be populations with similar clustering ampli-
tudes. Our measurement of r0 shows that the clustering of SMGs
is consistent with optically-selected QSOs (e.g., Croom et al.
2005; Myers et al. 2006; da Ângela et al. 2008; Ross et al. 2009).
SMGs are more strongly clustered than the typical star-forming
galaxy populations at all redshifts (e.g. Adelberger et al. 2005;
Gilli et al. 2007; Hickox et al. 2009; Zehavi et al. 2011), and are
clustered similarly or weaker than massive, passive systems (e.g.,
Quadri et al. 2007, 2008; Wake et al. 2008b; Blanc et al. 2008;
Kim et al. 2011; Zehavi et al. 2011). The clustering results indicate
that SMGs will likely evolve into the most massive, luminous early
type galaxies at low redshift. We note that the descendants of typi-
cal SMGs are not likely to reside in massive clusters at z = 0, but
into moderate- to high-mass groups of ∼ a few ×1013 h−1 M#.
Although some SMGs could evolve into massive cluster galaxies,
the observed clustering suggests that most will end up in less mas-
sive systems.

A schematic picture of the evolution of SMGs is
shown in Figure 7, which shows evolution in the mass of
haloes with redshift as traced by their median growth rate
(Fakhouri, Ma & Boylan-Kolchin 2010). The typical progenitors
of SMGs would have Mhalo ∼ 1012 h−1 M# at z ∼ 5, which cor-
responds to the host haloes of bright LBGs at those redshifts (e.g.,
Hamana et al. 2004; Lee et al. 2006). At low redshift, the SMG
descendants will have Mhalo = (0.6–5) × 1013 h−1 M#. Halo
occupation distribution fits to galaxy clustering suggest that these
haloes host galaxies with luminosities L ∼ 2–3L∗ (Zehavi et al.

1 Myers et al. (2006) and Ross et al. (2009) determine r0 from QSOs as-
suming a power law correlation function with γ = 2. To estimate r0 for
γ = 1.8, we multiply the quoted values by 0.8, appropriate for fits over the
range 1 ! R ! 100 h−1 Mpc.
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Figure 6. (a) Our new measurement of the autocorrelation length r0 for
SMGs, compared to previous results using samples with similar ∼850 µm
flux limits. The two sets of error bars on the Webb et al. (2003) measure-
ment indicate statistical (±3 h−1 Mpc) and systematic (±3 h−1 Mpc) un-
certainties separately. On the Blain et al. (2004) measurement, the smaller
errors represent the uncertainties quoted by the authors, while the larger
errors account for angular clustering and redshift spikes as estimated by
Adelberger (2005). Our results are consistent with previous measurements
and represent a significant improvement in precision. (b) Our measure-
ment of the autocorrelation length r0 of SMGs, compared to the approxi-
mate r0 (with associated measurement uncertainties) for a variety of galaxy
and AGN populations: optically-selected SDSS QSOs at 0 < z < 3
(Myers et al. 2006; Ross et al. 2009), Lyman-break galaxies (LBGs) at
1.5 ! z ! 3.5 (Adelberger et al. 2005), MIPS 24 µm-selected star-forming
galaxies at 0 < z < 1.4 (Gilli et al. 2007), typical red and blue galax-
ies at 0.25 ! z ! 1 from the AGES (Hickox et al. 2009) and DEEP2
(Coil et al. 2008) spectroscopic surveys, luminous red galaxies (LRGs) at
0 < z < 0.7 (Wake et al. 2008b), and optically-selected galaxy clusters at
0.1 < z < 0.3 (Estrada, Sefusatti & Frieman 2009). In addition, we show
the full range of r0 for low-redshift galaxies with r-band luminosities in the
range 1.5 to 3.5 L∗, derived from the luminosity dependence of clustering
presented by Zehavi et al. (2011); these luminous galaxies are primarily el-
lipticals, as discussed in § 4.3. Dotted lines show r0 versus redshift for DM
haloes of different masses. The thick solid line shows the expected evolu-
tion in r0, accounting for the increase in mass of the halo, for a halo with
mass corresponding to the best-fit estimate for SMGs at z = 2. The results
indicate that SMGs are clustered similarly to QSOs at z ∼ 2 and can be
expected to evolve into luminous elliptical galaxies in the local Universe.
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Figure 6: Schematic diagram to illustrate the main components in the major-merger evolutionary scenario first proposed by Sanders et al. (1988).

1998; Bower et al., 2006; Genzel et al., 2008; Bour-
naud et al., 2011). Support for major-merger driven
quasar activity comes from (1) the large fraction of sys-
tems with disturbed morphologies (see §3.3.2), and (2)
the good agreement between predictions for the merger
rates from dark matter simulations (for adopted empiri-
cal prescriptions the quasar fueling) and the spatial clus-
tering and space densities of distant quasars (e.g., Hop-
kins et al., 2008; Treister et al., 2010a).

While mergers are favoured by a number of mod-
els (e.g., Kau↵mann & Haehnelt, 2000; Springel et al.,
2005b; Hopkins et al., 2006b; Sijacki et al., 2007; Di
Matteo et al., 2008), any quasar triggering mechanism
requires relatively massive systems with large supplies
of cold gas, which are generally found in dark matter ha-
los with Mhalo ⇠ 1012–1013 M� (Croton Figure 4 2009;
see also Fig. 5), just below the “maximal quenching”
mass scales. Spatial clustering and environment mea-
surements of quasars (e.g., Ross et al., 2009; Lietzen
et al., 2009; Hickox et al., 2011; Carrera et al., 2011)
suggest that quasars do indeed reside in halos of these
masses at every redshift (as discussed in §3.4 and shown
in Fig. 5). This implies that at high redshift, quasars are
found in the largest collapsed system in the Universe
(and are the progenitors of today’s most massive early-
type galaxies) while in the local Universe quasars are
found in much more typical galaxy environments. Thus
the mass of the dark matter halo may itself be the key
parameter in understanding the fuelling of quasars.

The rapid flow of cold gas that is necessary to fuel a
quasar will inevitably be expected to also result in high
rates of star formation (as discussed in § 2.1–2.2). Ro-
bust evidence for links between powerful starbursts and
quasars come from studies of local powerful IR galaxies
(LIR > 5⇥1011 L�). The vast majority of such objects in
the local Universe are major mergers of galaxies, with
higher luminosities found during late stages when the
galaxies are at small separations (e.g., Clements et al.,
1996; Ishida, 2004). At higher LIR the fraction of the lu-
minosity from the AGN increases, and the large masses
of nuclear gas and dust ensure that much of the BH

growth is observed to be heavily obscured (e.g., Tran
et al., 2001; Yuan et al., 2010; Iwasawa et al., 2011;
Petric et al., 2011b). The local results are broadly con-
sistent with models in which mergers fuel a rapid star-
burst and a phase of obscured BH growth, followed by
an unobscured phase after the gas is consumed or ex-
pelled from the galaxy by stellar or quasar feedback
(e.g., Sanders et al., 1988; Di Matteo et al., 2005; Hop-
kins et al., 2008); see Fig. 6. However, powerful star-
bursts are rare in the local Universe, compared to higher
redshift where they dominate the star formation density
(e.g., Le Floc’h et al., 2005; Rodighiero et al., 2010b). A
key question, then, is whether a similar starburst-quasar
scenario is the dominant process at high redshift, during
the peak epoch of quasar activity where the largest BHs
accreted most of their mass. Testing this picture is the
subject of a number of recent studies.

One approach is to select high-redshift starburst
galaxies based on their IR or submmilimeter emission,
and study the growth of BHs in these systems. Use-
ful observational tools are X-ray observations and mid-
IR spectroscopy, which can distinguish between dust
heated by star formation and the AGN. The most pow-
erful starbursts at high redshift, submillimeter galaxies
(SMGs), have gas kinematics and morphologies that are
characteristic of mergers (e.g., Tacconi et al., 2008; En-
gel et al., 2010; Riechers et al., 2011). A high frac-
tion of these objects also host AGN (e.g., Alexander
et al., 2003a, 2005; Laird et al., 2010), but they gen-
erally have Spitzer IRS mid-IR spectra that are domi-
nated by star formation as indicated by luminous PAH
emission features (e.g., Valiante et al., 2007; Pope et al.,
2008; Coppin et al., 2010). Only 15% of SMGs are
dominated in the mid-IR by steep AGN continua, and
even these powerful AGN generally do not produce the
bulk of the bolometric output, which is dominated at
longer wavelengths by the cool dust from star forma-
tion (as also found for star-forming galaxies detected at
70 µm; Symeonidis et al. 2010). However, the presence
of powerful AGN in some starbursts is consistent with
a “transition” phase between powerful star formation
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Figure 7. Broad schematic for the evolution of halo mass versus redshift
for SMGs, showing the approximate halo masses corresponding to likely
progenitors and descendants of SMGs. Lines indicate the median growth
rates of haloes with redshift (Fakhouri, Ma & Boylan-Kolchin 2010). SMG
host haloes are similar to those those of QSOs at z ∼ 2, and correspond to
bright LBGs at z ∼ 5 (Hamana et al. 2004; Lee et al. 2006) and ∼ 2–3L∗

ellipticals at z = 0 (Zehavi et al. 2011; Stott et al. 2011).

2011), a population dominated by ellipticals with predominantly
slow-rotating kinematics (e.g., Tempel et al. 2011; Cappellari et al.
2011). Assuming typical mass-to-light ratios for massive galaxies
(e.g., Baldry, Glazebrook & Driver 2008), these luminosities
correspond to stellar masses ∼ (1.5–2.5) × 1011M#, in close
agreement with direct measurements of the relationship between
halo mass and central galaxy stellar mass for X-ray selected groups
and clusters, for which logM! ≈ 0.27 logMhalo+7.6 (Stott et al.
2011).

4.4 SMG lifetime and star formation history

We next estimate the SMG lifetime, making the simple assumption
that every dark matter halo of similar mass passes through an SMG
phase3, so that

tSMG = ∆t
nSMG

nhalo

, (8)

where ∆t is the time interval over the redshift range covered by the
SMG sample, and nSMG and nhalo are the space densities of SMGs
and DM haloes, respectively.

Using the halo mass function of Tinker et al. (2008), the
space density of haloes with log (Mhalo[h

−1 M#]) = 12.8+0.3
−0.5

is dnhalo/d lnM = (2.1+7.3
−1.5) × 10−4 Mpc−3. We adopt a space

density of SMGs at z ∼ 2 of ∼ 2 × 10−5 Mpc−3, correspond-
ing to results from previous surveys (e.g., Chapman et al. 2005;
Coppin et al. 2006; Schael et al. in preparation). This density is
∼ 50% higher than that observed in the LESS field (Wardlow et al.

2 Note that here we use the median growth rate of haloes, which for haloes
of ∼ 1013 h−1 M" is ≈35% lower than the mean growth rate, owing to
the long high-mass tail in the halo mass distribution.
3 If the average halo experiences more or fewer SMG phases in the given
time interval, the lifetime of each episode will be correspondingly shorter
or longer, respectively.

2011), which has been shown to contain a somewhat smaller den-
sity of SMGs compared to other surveys (Weiß et al. 2009).

The ratio of these space densities yields a duty cycle (the frac-
tion of haloes that host an SMG at any given time) of ∼ 10%. We
assume the SMGs occupy the redshift range 1.5 < z < 2.5, which
includes roughly half of the SMGs in the Wardlow et al. (2011)
sample and corresponds to ∆t = 1.6 Gyr. We thus obtain a life-
time for SMGs of tSMG = 110+280

−80 Myr. Clearly, even our im-
proved measurement of SMG clustering yields only a weak con-
straint on the lifetime, but this is consistent with lifetimes esti-
mated from gas consumption times and star-formation timescales
(e.g., Greve et al. 2005; Tacconi et al. 2006; Hainline et al. 2011)
and theoretical models of SMG fueling through mergers (e.g.,
Mihos & Hernquist 1994; Springel, Di Matteo & Hernquist 2005;
Narayanan et al. 2010).

Constraints on SMG descendants from clustering can also
yield insights into their their formation histories. Measurements
of the stellar plus molecular gas masses of SMGs from SED fit-
ting and dynamical studies are in the range ∼ (1–5) × 1011 M#
(Swinbank et al. 2006; Wardlow et al. 2011; Hainline et al. 2011;
Ivison et al. 2011; Michałowski et al. 2011). While these estimates
can be uncertain by factors of a few, they are in a similar range to
the stellar masses of SMG descendants as indicated by their clus-
tering, as discussed above. This correspondence suggests that if a
significant fraction of the molecular gas is converted to stars dur-
ing the SMG phase, then these galaxies will subsequently experi-
ence relatively little growth in mass from z ∼ 2 to the present.
This in turn puts limits on the star formation history. Star-forming
galaxies at z ∼ 2 typically exhibit specific star formation rates of
Ṁ!/M! ∼ 2 Gyr−1 (Elbaz et al. 2011), at which the SMGs would
only need to form stars for 500 Myr in order to double in mass.
We may therefore conclude, from the clustering and stellar masses
alone, that the SMGs evolve from star-forming to passive states
relatively quickly (within a Gyr or so) after the starburst phase,
and that the descendants spend most of their remaining time as
relatively passive systems. This scenario is consistent with mea-
surements of the stellar populations in ∼ 2–3 L∗ ellipticals, which
have typical ages of ∼10 Gyr and show little evidence for younger
components (e.g., Nelan et al. 2005; Allanson et al. 2009), imply-
ing that the vast majority of stars were formed above z ∼ 2 with
little additional star formation at lower redshifts.

The halo masses of SMGs may also provide insight into
the processes that prevent their descendants from forming new
stars. Star formation can be shut off rapidly at the end of the
SMG phase, either by exhaustion of the gas supply, or by energy
input from a QSO (e.g., Di Matteo, Springel & Hernquist 2005;
Springel, Di Matteo & Hernquist 2005). Powerful winds are ob-
served in luminous AGN (e.g., Feruglio et al. 2010; Fischer et al.
2010; Sturm et al. 2011; Greene et al. 2011) and have also been
seen in some SMGs (e.g., Alexander et al. 2010, Harrison et al. in
preparation), although for the SMGs is unclear whether the winds
are driven by the starburst or AGN. Even if the formation of stars
is rapidly quenched, over longer timescales the galaxy would be
expected to accrete further gas from the surrounding halo, result-
ing in significant additional star formation (e.g., Bower et al. 2006;
Croton et al. 2006). Recent work suggests that energy from ac-
creting supermassive black holes, primarily in the form of radio-
bright relativistic jets, can couple to the hot gas in the surround-
ing halo, producing a feedback cycle that prevents rapid cooling
(e.g., Rafferty, McNamara & Nulsen 2008). This mechanical black
hole feedback is an key ingredient of successful models for the pas-
sive galaxy population (e.g., Croton et al. 2006; Bower et al. 2006;
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Measurements of clustering of 
SMGs implies evidence for the major 
merger evolutionary scenario.

(Hickox et al. 2012)

Median growth rate of halos
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cially massive structures at z ⇠ 2 in general, although
bright (S870 & 5�6mJy) SMGs could trace overdense re-
gions as suggested by the estimation of their halo masses
from our model. However, we caution that in this study
we have focused on SMGs selected over a relatively broad
redshift range (1 < z < 3). If the SMG clustering
strongly evolves at z & 2.0 as suggested by Wilkinson
et al. (2017), the inclusion of SMGs at z . 2.0 in our
study could partially dilute any strong signal at higher
redshifts.
The redshift distribution of our SMG sample peaks at

z ⇠ 2.5 (see Fig. 2), and it is mostly dominated by SMGs
at z > 2.0, with 13% and a 33% of sources at z < 1.5
and z < 2.0 respectively. Therefore, we do not expect
our clustering measurement to be strongly diluted, but
it may be slightly diluted. Larger samples of SMGs are
needed to constrain their clustering in narrower slices to
mitigate such dilution e↵ects. Note that our conclusions
still stands regarding the overall clustering overestima-
tion in single-dish surveys, as the Hickox et al. (2012)
work also looked at the same redshift range (1 < z < 3)
as in this study.
We emphasize that, as explained in § 3.1, coarse resolu-

tion single-dish telescopes are biased to detect groups of
SMGs, and thus they naturally detect more highly biased
regions in the universe, where overdensities are expected.
This could in some cases explain why SMGs have been
associated with overdensities in previous studies. A more
clear picture of SMGs tracing the filamentary structure
of the universe would be possible by extending cluster-
ing studies to larger and deeper areas such that we can
perform a more systematic association of massive regions
with SMGs at di↵erent flux densities and redshifts.
Our results can also provide insights about SMGs in

an evolutionary context. In particular, an evolutionary
scenario where SMGs are linked to local elliptical galax-
ies, intermediate redshift quasars, and high-redshift star-
forming galaxies has been proposed by several authors
(e.g. Sanders et al. 1988; Hopkins et al. 2008). We have
used our estimations of the SMG halo masses for di↵erent
flux-limited samples and their expected median growth
rate (Fakhouri et al. 2010) to explore evolutionary links
with these other populations. We show our results in
Fig. 13, where we also include the SMG halo mass esti-
mations based on single-dish sources (Hickox et al. 2012;
Wilkinson et al. 2017). We compare the expected halo
mass of SMGs at z = 0 with the measured halo mass of
bright (L ⇠ 2�3L⇤) local elliptical galaxies (Zehavi et al.
2011), and find that only the brightest (S870 & 6mJy)
SMGs may be connected with this population.
Analogously, only SMGs with flux density S870 &

5mJy at 1 < z < 3 would inhabit dark matter halos with
similar mass as those hosting quasars at similar redshifts
based on estimations of quasar clustering (Croom et al.
2005; Shen et al. 2007; da Ângela et al. 2008; Ross et al.
2009). Finally, halo mass estimations of bright LBGs
at z & 4 (Hamana et al. 2004; Lee et al. 2006) suggest
masses consistent with SMGs with S870 & 3mJy at these
redshifts.
Our results indicate that an evolutionary picture be-

tween bright LBGs, quasars, SMGs, and bright ellip-
tical galaxies is only fully coherent for the brightest
(S870 & 6mJy) SMGs. If we focus on a population of
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Figure 13. Halo mass estimates for SMGs and their evolution
with redshift. We show mass estimations based on the clustering
of ALMA detected sources (this work) and single-dish detected
sources (Hickox et al. 2012; Wilkinson et al. 2017) with the
angular resolution reported in the legend (we report the FWHM of
the beam smoothed map where sources where detected). We show
estimations of halo mass upper limits for six di↵erent flux-limited
SMG samples. Lines indicate the median growth rates of halos
with redshift (Fakhouri et al. 2010). We also show halo mass
estimates for quasars at z ⇠ 2 (Croom et al. 2005; Shen et al. 2007;
da Ângela et al. 2008; Ross et al. 2009), bright LBGs at z ⇠ 5
(Hamana et al. 2004; Lee et al. 2006), and ⇠ 2 � 3L⇤ elliptical
galaxies in the local universe (Zehavi et al. 2011). We find that
only the brightest (S870 & 6mJy) SMGs may be connected with
the mentioned populations. This figure is adapted from Hickox
et al. (2012).

fainter SMGs (S870 & 1.2mJy), they seem unlikely to
be linked to these populations, although we caution that
the halo masses inferred for such faint SMGs may be
a↵ected by uncertainties in our knowledge of the SMG
number counts at faint flux densities (see § 4.3).
Finally, we caution that our results are model-

dependent, although given the complexity of the mod-
eling, making model-independent statements for cluster-
ing of SMGs seems highly complicated. Specifically, in
our approach, we use all the halos in the N-body simu-
lation and make assumptions about the SMG duty cy-
cle, which determines the flux density assignment for the
SMGs (see eqn. 1). Our models are based on ⇤CDM
clustering hierarchy, and we do not include any infor-
mation about other properties of SMGs (such as stellar
masses, dust/gas content, merger history, environment
influence, triggering mechanism or interactions at small
scales), but instead, SMGs are captured in the lightcone
by our abundance matching procedure.
If small-scale interactions are important for SMGs, the

small-scale clustering may be enhanced, which is not
being captured by our abundance matching algorithm.
Note however that current evidence suggests that only
⇠ 30�40% of the SMGs in blended submillimetre sources
may be physically associated (Wardlow et al. 2018; Hay-
ward et al. 2018), suggesting that the SMG small-scale
clustering would not be very strong. A way to make our
model more complex would be to alter the 1�halo term,
and include more details about how SMGs populate indi-
vidual halos, such that we could include some small-scale
physics associated with this triggering mechanism.
Another possible variation for our model is related

Comparing the clustering of the 
populations at different redshifts

(Garcia-Vergara et al. 2020)

Recent measurements of clustering 
of SMGs based on ALMA data  
implies evidence for the major 
merger evolutionary scenario only 
for the brightest SMGs.



Take home message

Dark matter halos do not trace exactly the distribution of dark matter, but they are biased tracers 
of dark matter, with more massive halos being more biased.

Distribution of galaxies roughly trace the distribution of dark matter halos, therefore galaxies are 
also biased tracers of dark matter. 

Comparison of the correlation function for different populations at the same redshift provide 
insights about physical processes involved in the evolution of each different population.

The computation of correlation function also allow us to compute the bias of galaxies, and if we 
know the bias we can know the halo mass in which the population inhabit. 

Knowledge of the halo mass for different populations at different redshifts are useful to study 
evolutionary scenarios between populations over cosmic time. 


