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Nature of DM

Properties of Dark Energy
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Growth factor 
of density perturbations
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The predicted abundance of massiva halos at a 
given redshift  strongly depends on the growth 
factor at the corresponding cosmic time

The mass function of DM halos constitutes and upper limit for the abundance of
galaxies (galaxies cannot outnumber their DM halos)

The mass function of DM halos for different (w0,wa)



We measure the number density of massive galaxies with given M* at a given redshift

The mass function of DM halos for different (w0,wa)
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We compute the associated DM mass M assuming an M*/M ratio

The mass function of DM halos for different (w0,wa)
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Assuming a M*/M ratio, tha observed abundance of galaxies with given 
stellar mass M* can be translated into an observational lower limit for the halo 
mass function.

Models predicting mass functions below such lower limit are excluded

The mass function of DM halos for different (w0,wa)

M*=1010

M*/M=0.1

Excluded

Observed galaxies cannot  
Outnumber their host DM halos
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The constraint provided by the measured abundance of massive galaxies 
depend on the M*/M ratio 

The smaller M*/M the tighter the constraints
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Fig. 8. Comparison between the mass function derived by assuming a constant mass-to-light ratio (red squares), relation between mass and L1400
light derived by González et al. (2011; green stars), and the one derived in this work for the GOODS-South and UDS fields (blue circles). The
error bars show only the Poissonian uncertainties of each point. The original GSMF presented González et al. (2011) is shown by dark-green
symbols.

normalization cannot be immediately compared to that of our
GSMF computed using their M∗/LUV relation.

A few results are immediately evident. First, comparing the
GSMF derived using our M∗/LUV relation with the one derived
(from the same data) using the González et al. (2011) relation, it
is clear that the latter yields a GSMF that is flatter and appears to
extend to lower masses, since the relation between UV light and
mass is steeper than the one observed in the CANDELS data, as
shown in Fig. 7. At faint magnitudes, the GSMF derived using
our average M∗/LUV relation agrees very well with the GSMF
that we derive from the full sample. We use this agreement to
extend our fiducial GSMF towards even lower masses, namely
to M = 6 × 108 M⊙ at z = 4 and M = 2 × 109 M⊙ at z = 7,
assuming that losses due to incompleteness are minimal. These
additional points have been marked with blue empty circles in
Fig. 6.

Another major discrepancy that emerges from Fig. 8 con-
cerns the high-mass end of the GSMF: especially at z ≃ 4,
the GSMF derived from our reference sample extends clearly
to much higher masses than all GSMFs computed with some av-
erage M∗/LUV: our GSMF (blue circles) extends towards M ∼
5 × 1011 M⊙ while the mass functions derived from the UV lu-
minosities are limited to M ≤ 1011 M⊙ . In the next sub-section
we will explore the reasons for this discrepancy.

We note that all these differences tend to disappear at higher
redshifts. Indeed, at z = 6 and z = 7, our GSMFs (blue circles in
Fig. 8) are consistent with the mass function derived through the

UV luminosity, assuming a constant M∗/LUV ratio (red squares).
There are two possible explanations for this behaviour: either all
the galaxies at high-z have relatively low dust content and are rel-
atively young or, alternatively, the H160-band selection adopted
in this work is missing the more obscured and/or evolved galax-
ies at z > 6. These alternatives can be distinguished by using a
deep mid-infrared selection. Considering the current limitations
of IRAC-selected samples, such as the Caputi et al. (2011) one,
that are significantly plagued by limited depth and confusion due
to poor image resolution, this issue may not be fully resolved
until future JWST observations.

5.3. The physical properties of massive galaxies
at high redshift

As shown in Fig. 7, there are a number of relatively faint
objects (M1400 ∼ − 18) which are nevertheless very massive,
with M ∼ 1011 M⊙ (see also Madau & Dickinson 2014). While
their absolute number is not very large, it is similar to the num-
ber of UV-bright galaxies of comparable masses, and therefore
these objects can make an important contribution to the massive
end of the GSMF. This is clearly shown in Fig. 8, which illus-
trates a clear discrepancy, at z ≤ 5.5, between the high-mass end
of the GSMF derived from the UV-selected star-forming galax-
ies (i.e. Stark et al. 2009; González et al. 2011; Lee et al. 2012)
and the one derived in this paper, which has been obtained with a
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I. The Stellar Mass Function of optical/UV galaxies at z=6 



To be CONSERVATIVE we consider  the maximum M*/M ratio at the considered redshift 

If all baryons are in stars          F=1

LCDM simulations suggest                 F< 0.5
when the most massive 
halos are considered 

Best fit value                                            F=0.3 
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I. The Stellar Mass Function of optical/UV galaxies at z=6 



Robust with respect to

-star formation process
-values of H0 

-Baryon physics

The largest the measured stellar masses 
The stronger are the constraints

If M* are obtained from SED fitting assuming 
Kennicut IMF constitutes the most conservative approach

M⇤
M

=
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I. The Stellar Mass Function of optical/UV galaxies at z=6 



For each combination (w0, wa)

- compute the maximum abundance of galaxies with observed M* at   z=6 and z=7.

- compute the probability of observing such an abundance (perturbing observed LF 
through a Monte Carlo simulation including statistical and systematic errors)

 8 

Figure 2: Hubble diagram of supernovae from the JLA survey2 (cyan points) and quasars (yellow 
points). Red points represent the mean (and uncertainties on the mean) of the distance modulus in 
narrow redshift bins for quasars only. These averages are shown just for visualization and, as such, 
are not considered in the statistical analysis. The new sample of z>3 quasars with dedicated XMM-
Newton observation is shown with blue stars. The inset is a zoom of quasar and supernovae 
averages in the common redshift range. The dashed magenta line shows a flat /CDM model with 
:M=0.31±0.05 fitting the z<1.4 data and extrapolated to higher redshifts. The black solid line is the 
best MCMC fit of the third order expansion of log(1+z).  
 
 
 
 
 
 
 
 
 
 
 
 
 

based on quasar distances estimated from the ratio 
between their X-ray and ultraviolet emission. 

 

Risaliti & Lusso 2019



We first consider two CANDELS field as in Grazian et al. 2014

Stellar masses derived from SED fitting 

For each galaxy we run a Monte Carlo simulation. For each object we consider the effect of 
-Changing the adopted star formation law  

•   exponential          SFH ∝ exp(−t/τ) 
•   inverted expon.   SFH ∝ exp(+t/τ)
•   delayed                  SFH ∝ (t2/τ)exp(+t/τ)

-Photometric redshifts
-Cosmic variance
-Extinction (0 < E(B − V) < 1.1) and extinction curves (Calzetti, SMC, LMC)

- Metallicity Z = 0.02 Z⊙ to Z = 2.5 Z⊙  

To be conservative, we adopt a Kennicut IMF (other considered IMF yield larger stellar masses)

For each stellar mass bin, we derive the different 𝚽(M*,z=6) obtained when the above quantities are are 
allowed to vary 

➜ For each M* we derive the whole distribution of measured 𝚽 associated random 
and systematic uncertainties

Choose a cosmological model (w0, wa)

rescale the observed values of 𝚽 to the chosen cosmology 

For each cosmological model, we compute the probability that the above uncertainties 
result in a measured  𝚽(M*,z=6) exceeding the abundance of DM halos 

Derive exclusion probabilities of different cosmological model from CANDELS data



Distribution of 
observed values Φ
at a given M*
in a given cosmology
(w0,wa)

Φ

Maximum abundance 
of halos corresponding 
to M*

Probability that measured Φ 
exceeds the maximum 
abundance of halos in the 
considered cosmology (i.e. it 
excludes the considered 
combination w0,wa) when all 
uncertainties are considered

Computing the exclusion probability
for each (w0,wa) combination

I. The Stellar Mass Function of optical/UV galaxies at z=6 



Using LF from Grazian et al. 2015 (two CANDELS fields)

F=1

F=0.3
F=0.5

I. The Stellar Mass Function of optical/UV galaxies at z=6 

2-σ exclusion



Simulating the statistical effect of doubling the number of galaxies 
used to derive the LF

Reducing the uncertainties is crucial to obtain tighter constraints

I. The Stellar Mass Function of optical/UV galaxies at z=6 



Galaxies identified in rest-frame optical and UV are  known to under-represent the most massive galaxies,  

Massive, star-forming, dusty galaxies are however detectable at sub-millimetre wavelengths  

ALMA observations at sub-millimetre (870 µm) wavelengths by Wang et al. (2019) lead to the discovery of 
39 galaxies star-forming objects at z > 3, which are unseen in even the deepest near-infrared (H- band) 
imaging with the Hubble Space Telescope (H-dropouts),  

These are massive galaxies with median stellar mass extending up to M∗ ≈ 3 · 1011 M⊙, with median mass 
M∗≈4·1010M⊙.  

In this case, an estimate of the corresponding DM halo mass can be derived from the clustering

II. The Number density of sub galaxies at z=4.5-5.5 

• Measured cross correlation amplitude A(ϑ) 
• Correlation length r0 (Limber equation) 
• Galaxy bias b 
• Variance of the DM field 
➞ DM mass M>1013 M⊙

served number densities and stellar masses (measured
assuming a ⇤CDM cosmology) have been rescaled
with the factors fVol and flum (see Sect. 2.1). The com-
parison allows us to exclude (at 2-� confidence level)
the combinations (w0, wa) for which �w0,wa < �low. The
results is show as a brown exclusion region in fig. 4

Of course, the above approach is very conservative,
since we assumed that the whole baryonic mass is in
stars, and that the baryon mass of DM haloes is re-
lated to the DM mass through the universal baryon
fraction (no loss of baryons). In fact, the very fact
that the objects are characterized by a high star for-
mation rate & 200 M⇤/yr indicates that a sizable frac-
tion of baryon is in the form of gas. Properly ac-
counting for such gas fraction would yield larger val-
ues M associated to the observed M⇤ and - hence -
tighter constraints. Although we have attempted to es-
timate the gas mass for the ALMA-detected H-dropout
galaxies from the sub-mm continuum by converting
the dust mass through the dust/gas ratio, the inferred
gas masses are affected by large uncertainties (they
span a range between 5·109 M� and 5·1010 M�), related
to photometric redshifts (uncertainties are particularly
critical given the steep shape of the spectrum in the
far-IR), the adoption of a single and simplified gray
body at the average temperature, and the adoption of
the mass-metallicity at z=3.5 for all sources.

Fig. 4. Exclusion regions (2-� confidence level) in the w0�wa plane
(see text) derived from the observed abundance �obs of luminous
submm galaxies at z = 4.5 � 5.5 (Wang et al. 2019). The brown
region corresponds to assuming the observed stellar masses M⇤ =
M/ fb to be related to the DM mass through the baryon fraction fb.
The red regions corresponds to adopting the DM mass derived from
the measured cross-correlation function of H-dropouts (see text).

To bypass the uncertainty related to the gas frac-
tion, and to derive more realistic constraints for DDE
models, we analyzed the clustering properties of the
H-dropouts. We base on the procedure adopted by
Wang et al. (2019) who estimated the two-point angu-
lar cross correlation function !(✓) of H-dropouts with
all CANDELS galaxies in the redshift range 3.5  z 
5.5. Assuming a power-law form for the cross corre-
lation !(✓) = A! ✓�� � IC (with � = 0.8 and IC the
integral constraint in eq. 4 of Wang et al. 2019), the
above authors derived the amplitude A!. This was re-
lated to the correlation length r0 by the Limber equa-
tion (Croom and Shanks 1999; He, Akiyama, Bosch et
al. 2018)

r0 =

"
A!

c
H0 Q

R
NH(z)dz

R
NG(z)dz

R
NH(z) NG(z)�1��(z) E(z)dz

#1/�
(10)

where � = � + 1, the constant Q = �(1/2)�(�/2 �
1/2)/�(�/s) is a combination of � functions, �(z) and
E(z) are given in eq. 5 and 6, and NH(z) and NG(z)
are the redshift distributions of H-dropouts and CAN-
DELS galaxies. The correlation length r0 was then
converted to galaxy bias through the relation (Peebles
1993)

b =
72

(3 � �)(4 � �)(6 � �)2� �8(z)

h r0

8 h�1Mpc

i�
,

(11)
where �8(z) is the amplitude of the dark matter fluc-
tuation on the scale of 8 h�1 Mpc. The DM mass is
then derived from the relation b = 1 +

⇥
⌫(M, z) � 1

⇤
/�c

(Mo and White 2002). For the standard ⇤CDM case
the above procedure yields M = 1013±0.3 M� for the
average DM mass (Weng et al. 2019).

For our comparison with DDE predictions, we can-
not take the above DM mass at face value, since it
has been derived assuming a ⇤CDM cosmology. In
fact, for generic DDE cosmologies, the above value
will (weakly) change due to two factors: i) the Lim-
ber equation (eq. 10) relating the observed A! to
r0 depends on cosmology through the functions E(z)
and �(z) (Sect. 2) ; and ii) the different growth fac-
tor (Sect. 2, eq. 7 and below) affects the quantities
⌫(M, z) and �8(z) entering the computation of the av-
erage mass M (eq. 11 and below). Thus, we com-
puted the maximal effect of cosmology on the value
of M derived by Wang et al. (2019) when our grid of
values for the of combinations (w0,wa) is considered.
Assuming the same measured angular cross correla-
tion amplitude A!, we considered the effect of differ-
ent cosmologies on the derived 3D correlation length

8

M=1013 M⊙

M=M*/fb



III. Rareness of SPT031158 at z = 6.9 
The most massive system detected at z ≥ 6  identified in the 2500 deg2 South Pole 
Telescope (SPT) survey (Marrone et al. 2018).  

SFR ≈ 2900 M⊙/yr, an estimated magnification µ = 2 

Huge mass content MH2  ≈ 3.1 · 1011 M⊙.  

Assuming fH2= MH2/(M*+MH2)= 0.4 - 0.8. Even assuming  M=Mb/fb  

DM mass M = 2 - 6 · 1012 M⊙

we compute the Poisson probability of finding 
such a massive object within the volume 
probed by the SPT survey,

For the different DDE models (w0, wa).  

• Compute N(M, z) number of systems with mass M 
and higher at redshift z and higher expected in the 
sky area fsky = 2500 deg2  covered by the SPT 
survey 

• Compute such a number for the obs. values (i.e., 
z=6.9, and M= 2−6·1012M⊙) obtaining Nobj 

• Compute Nrare defined as N(M, z) only for the 
masses M and redshifts z for which N(M, z) ≥ Nobj 

cussed in Harrison and Hotchkiss (2013). The Poisson
probability of observing at least one system with both
greater mass and redshift than the one which has been
observed is

R>M,>z = 1 � exp(�Nrare) (12)

The above probability depends on the region of the
M � z plane to which the SPT survey is sensitive
(which provides the lower limit for the integration over
redshift and mass in eq. 3), and on fsky. Follow-
ing Marrone et al. (2018) we assume that the sur-
vey is complete for z � 1.5 and for M � 1011 M�, a
conservative assumption as discussed in detail by the
above authors. As for the effective fraction of the sky
fsky = ⌦sky/(41253 deg2) entering eq. 3, the total area
corresponding to the SPT survey is ⌦sky = 2500 deg2.
However, Marrone et al. (2018) noticed that the effec-
tive survey area is potentially much smaller. In fact,
most of the objects in the survey are strongly lensed,
indicating that a source must be gravitationally lensed
to exceed the 20mJy threshold for inclusion in redshift
follow up observations. Given the uncertainties related
to properly accounting for such an affect, we show our
results for both the total area (⌦sky = 2500 deg2) and
for an effective area reduced by 1/10 (⌦sky = 250 deg2)
to illustrate the effect of such an uncertainty (Marrone
et al. considered an even more extreme case ⌦sky = 25
deg2).

Fig. 5. Exclusion regions (2-� confidence level) in the w0 � wa

plane (see text) for two different inferred DM mass of SPT031158:
2 · 1012 M� (red area) and 6 · 1012 M� (yellow area). In both cases
the full SPT survey area ⌦sky = 2500 deg2 has been assumed.

For each combination (w0,wa), we compute the ex-
pected number of systems like SPT031158 detectable

in the SPT survey. Then we associate a rareness to the
resulting predicted number after eq. 10, and we com-
pute the associated exclusion regions in the w0 � wa
plane. The result (2-� confidence level) is shown in
fig. 5 for the case ⌦sky = 2500 deg2, for the two
considered values M = 2 · 1011 M� (red region) and
M = 6 · 1011 M� (orange region). In the latter case,
corresponding to assuming the value fH2 = 0.4 for the
H2 gas fraction, a major portion of the w0 � wa is ex-
cluded, although the ⇤CDM case (w0 = �1, wa = 0)
remains allowed. The excluded region includes both
the larger wa cases allowed by the quasar method (blue
region) and the cases w0 � �0.6 allowed by the CMB+
weak lensing results, showing the potential impact of
our results. Even tighter constraints are obtained for
the case ⌦sky = 250 deg2 shown in fig. 6.

Fig. 6. Same as fig. 5, but assuming an affective SPT area ⌦sky =

250 deg2.

3.4. Combining the different probes

In the previous sections (3.1-3.3) we have shown
the potentiality of different observables as constraints
on DDE models, and discussed how the effective-
ness of each probe relies on how much the observed
baryonic-to-DM mass ratio is suppressed with respect
to the baryon fraction limit. While future observations
will allow for a more precise determination of the gas
and stellar mass fractions (see discussion in Sect.4 be-
low), strong constraints can be derived - even under
the most conservative assumptions - combining all the
probes presented in Sect. 31.-3.3. In fact, the proba-
bilities for each combination (w0,wa) to be consistent
with each of the considered observations are indepen-
dent. Thus we can derive a combined constraint by

10

Method by Harrison & Hotchkiss 2013

The Poisson probability of observing at least one 
system with both greater mass and redshift than 
the one which has been observed is  

R>M,>z = 1 − exp(−Nrare) 

M=6·1012M⊙

M=2·1012M⊙



multiplying the probabilities associated to each probe.
The result is shown in fig. 7 adopting - for each probe
in Sect. 3.1, 3.2 and 3.3 - the most conservative as-
sumption for the relation between the observed bary-
onic component and the DM mass M: For the com-
parison with the CANDELS field we assume that the
observed stellar mass is M⇤ = 0.5 fb M (i.e., F = 0.5,
see Sect. 3.1); For the comparison with the abun-
dance of submm galaxies (Sect. 3.1) we assume that
the observed stellar mass is related to M by the bary-
onic fraction limit; As for the rareness of SPT031158,
we take the conservative values for the gas mass frac-
tion leading to a DM mass estimate M = 2 · 1012 M�
(see Sect. 3.3), and we consider the whole survey area
(⌦sky = 2500 deg2).

Inspection of fig. 7 shows that a major fraction of
the parameter space favored by distant quasars com-
bined with CMB and weak lensing is excluded at 2-�
confidence level, independently on the details of the
assumed baryon physics.

Fig. 7. Exclusion regions (2-� confidence level) in the w0�wa plane
derived from combining the different probes. For each observable,
the most conservative case has been considered: for the CANDELS
field we have assumed F = 0.5, for SPT031158 we have taken a DM
mass M = 2 · 1012 M�, and for submm galaxies we have converted
stellar masses to DM mass assuming M = M⇤/ fb. The dashed line
shows the analytical approximation for the boundary of the excluded
region wa = �3/4 � (w0 + 3/2).

4. Conclusions and Discussion

We have computed the abundance of massive sys-
tems predicted in different dynamical dark energy
(DDE) models at high redshifts z ⇡ 4�7. Such predic-

tions have been compared with different observational
probes: the bright end of the stellar mass function at
z � 6, the space density of luminous submm galaxies
at z = 4 � 5, and the rareness of the extreme hyperlu-
minous infrared galaxy SPT031158 at z ⇡ 7.
We have derived exclusion regions in the parameter
space w0 � wa of DDE models from each of the above
probes. Adopting the most conservative assumptions
for the ratio between the observed baryonic compo-
nent and the DM mass, we have combined the above
results to derive conservative, robust constraints for the
parameter space of DDE models, that do not depend
on the details of the baryon physics involved in galaxy
formation. In addition our results do not depend on the
nature of the DM component, when present limits on
the mass of DM particle candidates mX & 3 keV (see,
e.g., Viel et al. 2013; Menci et al. 2016) are taken into
account. In fact, for DM particle masses in the keV
range (Warm Dark Matter) the associated power spec-
trum (Bode, Ostriker, Turok 2001; Destri, de Vega,
Sanchez 2013) on the mass scales investigated in this
work M � 1010 M� is identical to the CDM form as-
sumed here, and our results are unchanged.

4.1. Implications of our Results

• When the most conservative values concerning
the baryon-to-DM mass are assumed, our com-
bined results allow to rule out DDE models with

wa � �3/4 � (w0 + 3/2)

as displayed in fig.7, thus excluding a major
fraction of the parameter space favored by the
quasar distances (Risaliti and Lusso 2019), in-
cluding the best-fit combination w0 ⇡ �0.8 and
wa = �1.5 obtained with such a probe.

• Our results leave open the possibility that the
present tension in the value of H0 between the
values derived from Planck and those obtained
from local luminosity distance measurements be
solved in DDE models, since the combinations
(w0,wa) that allow to reconcile the different ob-
servations include values outside our exclusion
region (see Di Valentino et al. 2017).

• On the other hand, our results almost entirely
rule out the quintessence models where initially
w > �1 and w decreases as the scalar rolls down
the potential (cooling models), which occupy
most of the region w0 > �1,wa > 0 (see Barger,
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Combining the above probes under the most conservative 
assumptions

Competitive with existing probes

Positive evolution of w disfavoured 

A major fraction of the region favoured by AGN is ruled out

Results consistent with cosmological constant

wa � �3/4� (w0 + 3/2)
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Exclude models with almost entirely rule out the quintessence models where 
initially w > −1 and w decreases as the scalar 
rolls down the potential (cooling models), 
which occupy most of the region w0 > −1, wa > 
0 (see Barger,  

Almost entirely rule out the quintessence 
models where initially w > −1 and w 
decreases as the scalar rolls down the 
potential (cooling models), which occupy 
most of the region w0 > −1, wa > 0 (see 
Barger, Guarnaccia, Marfatia 2005).  

These typically arise in models of 
dynamical supersymmtery breaking 
(Binetruy 1999; Masiero, Pietroni, Rosati 
2000) and supergravity (Brax and Martin 
1999; Copeland, Nunes, Rosati 2000) 
including the freezing models in Caldwell 
& Linder (2005) in which the potential 
has a minimum at φ = ∞.  

For phantom models with w0 < −1 (see 
Caldwell 2002), our constraint wa ≥ 
−3/4−(w0+3/2) excludes a major portion 
of the parameter space corresponding to 
models for which the equation of state 
crossed the phantom divide line w = −1 
from a higher value.  



CONCLUSIONS 

Our results exclude DDE with an equation of state rapidly 
evolving with z    dw/da 

Competitive and complementary with existing probes 

V(φ)

φ

This limit has an impact on a wide class of models with 
a ‘freezing’ behaviour (φ ̈ <0) of the DE scalar field (see 
Caldwell & Linder 2005; Linder 2006).  

φ ̈ = −V,φ − 3 H φ ̇ 

Two regimes: 

‘thawing’ solutions with φ ̈ > 0 and 

‘freezing’ solutions with φ ̈ < 0

The two regimes are separated by dwa/da = 3(1 − 
w2)/a (Linder 2006) 

Supergravity (SUGRA) inspired models (Brax & Martin 
1999) - well fitted by w0 ≈ −0.82 and wa ≈ 0.58 (Linder 
2003) - are strongly disfavoured 


