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Issues with the LCDM model
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• Predicted L / Observed L ~ 10120 ... “Worst theoretical prediction in 
the history of physics”? 

[Hobson, Efstathiou & Lasenby 2006]• Coincidences?

Beyond LCDM
• 𝑤 ≠ −1 ?
• Modified gravity?
• Observeer

selection?

• Tensions in recent H0 measurements [e.g. rev. by Verde+ 2019]
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[Lombriser & Smer-Barreto 2017]



Consistently Modelling Star Formation & Reionization
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Star formation within a halo
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Extended HS model for cosmological star formation 3

thereafter. Thus, the cooling rate is given by

dMcool
dt

= 4⇡⇢g(rcool)r2
cool

drcool
dt
. (10)

Within this model, the fraction of cool gas is zero when the halo
is formed, and reaches eventually one, when the halo mass freezes
out and all gas has been cooled. In principle, if one disregards the
formation time of halos (as HS03 do) the time t should be set to
the cosmic time (White & Frenk 1991). However, cooling should
occur only once the halo can be considered a stable object, i.e.
from the last major merger. Thus, the cooling time scale should
be set by the dynamical time of the halo tdyn ⌘ R/V (Somerville
et al. 2001). For this reason, HS03 set t = tdyn;1 this choice for the
analytic model described here also showed good agreement with
simulations (Yoshida et al. 2002).

The prescription t = tdyn, coupled to equations (8)-(10), allows
determining the redshift evolution of the cooling rate:

dMcool
dt

=
3 � ⌘
⌘

"
(3 � ⌘)µX

2⇤(T)
6⇡Gm

2
HkBT

# 3�⌘
⌘

M

"r
�

2
fgH(z)

# 3
⌘

,

(11)

where fg is the gas mass fraction in the halo (assumed to be equal
to the universal baryon mass farction fb by HS03), mH is the mean
hydrogen particle mass, and X is the cosmic hydrogen mass fraction.
The dependence on the Hubble constant comes from the definitions
of the virial radius and mass (6)-(7).

According to assumption (iv), the nSFR is proportional to
the gas cooling rate at low and intermediate redshifts, at any
fixed virial temperature. Thus, equation (11) yields s(M, z) /
M

�1
dMcool/dt = s̃(T)�(z)9/2⌘ , with

�(z) =


H(z)
H0

� 2
3
. (12)

From assumption (ii), in the most simple incarnation of the model,
s̃ = const. ⌘ s0. Hereafter, we will adhere to this simplification, as
the only generalisation that HS03 themselves discuss is modelling
s̃(T) as a two-steps function, which does not qualitatively change
the overall conclusions of the paper.

2.2.3 High redshift regime

Assumption (iv) states that the nSFR asymptotes to a constant at
high redshift, which depends on the virial temperature of the halo
(assuption (ii)). If gas cools rapidly inside the halo, one can assume
that all gas has cooled, ergo the SFR is of order €M⇤ ⇠ Mgas/ht⇤i.

An estimate of Mgas is given by (1 � �)x fbM , where x is
the fraction of cold gas clouds and � is the the mass fraction of
massive (> 8M�) short-lived stars. Referring to previous works on
a multiphase model for star formation implemented in cosmological
SPH2 simulations (Springel & Hernquist 2003b,a), HS03 set x =

0.95, corresponding to the fraction of cold clouds at the gas density
threshold above which star formation occurs. The value of � =
0.1 can be deduced from a Salpeter (1955) initial mass function

1 This is somewhat inconsistent, because mergers are not included in HS03
model. However, as HS03 stress in their manuscript, the purpose of their
work (and ours) is to build a simple analytic model of cosmological star for-
mation; this occasionally requires sacrificing logical consistency and physi-
cal complexity for the sake of simplicity and flexibility of the model.
2 Smoothed Particle Hydrodynamics

(IMF) with slope -1.35 and upper lower limits of 40 and 0.1 M� ,
respectively.

Regarding the gas consumption time scale, Springel & Hern-
quist (2003b) found that a value of t

⇤
0 = 2.1 Gyr allows their sim-

ulations to reproduce the correlation between disc-averaged obser-
vations of the SFR per unit area and the gas surface density given
by the global Schmidt law (?) . However, the gas consumption time
scale is density-dependent. In fact, t

⇤
0 actually sets the SFR at the

baryon overdensity threshold of ⇠ 8 ⇥ 105, above which gas can
form stars (Springel & Hernquist 2003b). At higher densities, the
gas consumption time scale is smaller. Thus, HS03 estimate the
average gas consumption time scale as ht⇤i = 2/3 t

⇤
0 .

The nSFR at high redshift is thus estimated by HS03 as
s⇤ = M

�1 €M⇤ ⇡ (1 � �)x fbM/(2/3 t
⇤
0). We remind the reader that,

although in principle the amplitude of the nSFR depends on the
virial temperature of the halo, HS03 approximate such dependence
to a one-step or two-steps function (see assumptions (i) and(ii)).
Thus, in the simplest incarnation of the model, the nSFR asymp-
totes to s⇤ in all halos with virial temperature above 104 K.

2.3 Predictions and limitations

In an attempt to provide a unified expression of the nSFR valid for
all redshifts, HS03 propose s(M, z) = s0q(z), with

q(z) =
"
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, (13)

where �̃ and m are free parameters, which HS03 set to 4.6 and 6,
respectively, as these values represent the best fit to the numerical
results in Springel & Hernquist (2003a). The function q(z) has in
this way the desired behaviour in the redshift regimes discussed
earlier in this section.

Inserting (2) and (13) in equation (1), and making use of as-
sumption (i), one obtains
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where �4(z) ⌘ �(M4(z), z), with M4(z) being the virial mass of a
halo with virial temperature 104 K at redshift z.

The CSFRD given by equation (14) is plotted with a black solid
line in Fig. 1. The HS03 model succeeds at reproducing the CSFRD
predicted by the simulations in Springel & Hernquist (2003a), and
provides an overall sensible redshift evolution of the CSFRD when
compared with observations. However, the peak of star formation
occurs too early (z ⇠ 6).

Another major limitation of the model is that it leads to non-
physical results when extrapolated far in the future. Indeed, H(z)
asymptotes to a constant as z ! �1, and consequently the CSFRD
converges to a non-zero value, predicting that star formation will be
forever ongoing. This was shown, but not realised, by Cline et al.
(2008). This issue is clearly visible in Fig. 1.

In Figure 2 we study the dependence of the CSFRD predicted
by HS03 via (14) on the free parameters of their model. In the
left panel, we show how the ⌘ slope of the gas density profile
within haloes impacts the resulting CSFRD. The dashed black line
corresponds to the fiducial value ⌘ = 1.65, while the solid orange
and dotted green lines refer to ⌘ = 2 (i.e., a perfectly isothermal
gas profile) and ⌘ = 1.3, respectively. As expected, the impact
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Low z SFR ∝ gas cooling rate

Problems:
• Star formation never ends
• No feedback included

Solutions:
• Proper calculation of cooling time
• Modelling baryon fraction in haloes 



100101

1 + z

10�2

10�1

100

⇢̇ ⇤
(M

�
yr

�
1

M
pc

�
3 )

Hernquist & Springel (2003)
Sorini & Peacock in prep.
Fit from Madau & Dickinson (2014)
Compilation from Madau & Dickinson (2014)

0246810
z

0.0

0.1

0.2

0.3

0.4

0.5

⇢̇ ⇤
(M

�
yr

�
1

M
pc

�
3 )

Hernquist & Springel (2003)
Sorini & Peacock in prep.
Fit from Madau & Dickinson (2014)

Coincidence and anthropic arguments at reionisation

[Sorini & Peacock in prep.]

Cosmic Star Formation Rate Density
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Conclusions & Perspectives

•We developed a semi-analytic model of cosmic star formation that
improves Hernquist-Springel formalism
• The predicted cosmic SFR density converges to zero in our model

suitable for investigating impact of observer selection on star
formation history (but not only for that!)
• Outlook: we will use our model to investigate the coincidence
between radiation-L equality and the epoch of reionization
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