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TESTING THE PARADIGM OF 
COLD DARK MATTER 

WITH THE SMALL-SCALE UNIVERSE



Beyond the Standard Models of…

• Lyman-alpha forest can probe early Universe on small scales

• Need “emulator” for statistical inference with cosmological simulations 

• Synergy with other astrophysical probes & direct detection

Cosmology Particle physics



The Lyman-alpha forest
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Light bosonic dark matter with SDSS Lyman-↵ forest 5

ear power spectrum on the resulting Lyman-↵ flux, we use
a single set of ⇤CDM cosmological parameters from Ade
et al. (2014). They are in accordance to the central values
used in Baur et al. (2016) : h = 0.675, ⌦M = 0.31, ns = 0.96

and �
8

= 0.83. Note that we checked that, as for WDM, the
cuto↵ in the linear matter power spectrum induced by the
FDM models considered here does not change significantly
the value of �

8

, for a given primordial scalar perturbation
amplitude.

The initial conditions are set at z = 30 with the 2LPTIC

software, starting from the linear matter power spectrum as
computed by AxionCAMB for this redshift. The (fuzzy) dark
matter fluid is then treated as a collection of fixed-mass point
particles. The baryon fluid is evolved using the Smoothed
Particle Hydrodynamics technique, with stars created in
cold and dense baryon environments. Of importance for the
Lyman-↵ forest, we model the IGM heating by the UV back-
ground light, using internal Gadget heating rate parameters
which result in the redshift-dependent IGM temperature-
density relation

T
IGM

= T
0

(z)(1 + �⇢/⇢)�(z)�1 (11)

As for the case of cosmological parameters, we adopt here
fixed benchmark parameters such that T

0

(z = 3) = 14000 K
and �(z = 3) = 1.3, which are in agreement with the mea-
surements from Becker et al. (2011).

From Gadget snapshot files in the redshift range z =
4.6 � 2.2 adapted to SDSS Lyman-↵ data, we infer the line-
of-sight-averaged one-dimensional Lyman-↵ flux power spec-
trum. This observable is defined from the fluctuations of
quasar’s transmitted flux fraction, �'(�) = '(�)/'̄� 1, where
'̄ is the mean transmitted flux fraction at the Hi absorber
redshift, computed over the entire sample. We use here again
a single H i optical depth model, which is known to roughly
match existing data:

⌧
e�

= ↵ ⇥ (1 + z)� with↵ = 0.0025 and � = 3.7 (12)

In practice, the Lyman-↵ flux power spectrum is inferred
in the range adapted either to published SDSS spectra,
k = 10

�3 � 2 ⇥ 10

�2 s km�1, or to higher-resolution spec-
tra, k = 10

�3 � 0.1 s km�1. We exploit the splicing technique
as described in Borde et al. (2014). It consists in combining
the results of two N-body simulation outputs, one of high
resolution with 768

3 DM particles in a 25 h�1 Mpc box, and
one on larger scales, with 768

3 particles in a 100 h�1 Mpc
box, making use of a third low-resolution simulation with
128

3 particles in a 25 h�1 Mpc box.
Simulations were computed for four di↵erent values of

ma between 3.4⇥ 10

�22 and 4.1⇥ 10

�21 eV using AxionCAMB.
To assess FDM-related systematic e↵ects, an additional sim-
ulation was run with T(k) given by the formula from Hu et al.
(2000).

3 RESULTS

Before comparing the predictions for the one-dimensional
Lyman-↵ flux power spectrum with measured spectra, we
first provide a discussion of the quantum pressure term,

Figure 2. Slice views of dark matter properties at z = 2.6 from
our (768

3 particles, 25h�1 Mpc) simulations. Coordinates are in
h�1 Mpc. Top : comparison of the DM density fields for ma =

3.4 ⇥ 10

�22 eV (left) with respect to CDM (right). Bottom left :
gravitational potential, with color scale in the range from �4 to
1 ⇥ 10

10 (m/s)2. Bottom right : quantum pressure for ma = 3.4 ⇥
10

�22 eV, with color scale in the range from �4 to 8 ⇥ 10

5 (m/s)2.

which was ignored in the N-body simulations. All the cal-
culations presented here are therefore a posteriori and only
hold if the dynamical impact of quantum pressure in the
non-linear regime is negligible.

3.1 Quantum pressure

Fig. 2 illustrates the properties of the DM fluid, derived
from the Gadget snapshots for z = 2.6 at scales of a few
Mpc, which correspond to the median redshift and smallest
comoving scales of relevance for the SDSS Lyman-↵ flux.
The top panel provides a by-eye comparison of the DM mass
density for CDM with respect to the lowest-mass FDM used
in the N-body simulations, ma = 3.4 ⇥ 10

�22 eV. The severe
attenuation of small-scale structures due to the linear cuto↵
in the FDM scenario is evident.

In order to assess the relative importance of quantum
pressure, the bottom panel compares the gravitational po-
tential � (left), as calculated explicitly with Gadget, with
the quantum pressure Q/ma (right). Both are expressed in
(m/s)2. The Q term is estimated from the numerical laplacian
of the density field ⇢, which is itself obtained by smoothing
the DM point particle distribution with a kernel adapted to
the local density of DM particles in the simulation, so that
higher resolutions are obtained in higher density regions. We
checked that the resulting Q distributions are stable with
respect to the kernel size parameter, which means that our
estimation for Q is not severely biased by shot-noise related
fluctuations. On the other hand, we find that the gradient
estimator is limited by the simulation resolution in regions
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FIG. 7: Left panel: the 1D flux power spectra from the simulations CDM (in solid lines), FIC

(in dot-dashed lines), FDM (in dashed lines) and F23 (in dotted lines), with the data from BOSS

(darker color) and XQ-100 (lighter color) at di↵erent redshifts (di↵erent color). The ordinate axis

is the wavenumber k times the 1D flux power spectrum and the abscissa axis is the corresponding

wavenumber. Right panel: the impact of non-linear e↵ect on the 1D flux power spectrum. The

ordinate axis is the ratio of 1D flux power spectra of the simulations FDM (in dashed lines), FIC

(in solid lines) and F23 (in dotted line) to that of the simulation CDM and the abscissa axis is

the corresponding wavenumber. The colors represent di↵erent redshifts.

small scales is even more significant than all other simulations due to its larger QP.

In the right panel of Fig. 6, we show the ratio R(k) of the 3D power spectram from
the simulations FDM, FIC and F23 to that of simulation CDM. One can see that the QP
suppresses the power spectrum by 5% relative to the simulation FIC at k > 10hMpc�1 for
three di↵erent redshifts z = 3.0, 3.6, 4.2. The e↵ect of QP in the simulation F23 is clearly
more significant than the simulation FDM.

The 1D flux power spectra are shown in the left panel of Fig. 7 for comparison with the
data of BOSS and XQ-100 at three di↵erent redshifts z = 3.0, 3.6, 4.2. The solid, dot-dashed,
dashed and dotted lines represent 1D flux power spectra from the simulations CDM, FIC,
FDM and F23, respectively. The dots and error bars are the data from BOSS in darker
color and XQ-100 in lighter color. At the small-scale region k > 10�2 km�1 s, the 1D flux
power spectra for the simulations FDM and F23 are relatively more suppressed than those
of CDM and FIC. Although the simulation FIC di↵ers from CDM in the initial condition,
their di↵erence in spectrum is still small.

The right panel of Fig. 7 shows the ratio RF (k) of the 1D flux power spectra of the
simulations FIC, FDM and F23 to that of the simulation CDM. The degree of suppression
is up to 10% at k ' 10�1 km�1 s for the simulation FDM. Additionally, the 1D flux power
spectrum of the simulation F23 is suppressed even more than the simulation FDM. On the

15

5 
M

pc
 / 

h FDM CDM

P1D
(k

) 
/ P

C
D

M
(k

)

ma & 10�23 eV
<latexit sha1_base64="yuASSspfEb1eMVrpr54KV/eeDIc=">AAACEnicbVDNSsNAGNzUv1r/oh69LBZBREtSBfVW9OKxgmkLTQyb7bZdupuE3Y1QQt7Bi6/ixYOKV0/efBs3bQStDiwMM/Ox3zdBzKhUlvVplObmFxaXysuVldW19Q1zc6slo0Rg4uCIRaITIEkYDYmjqGKkEwuCeMBIOxhd5n77jghJo/BGjWPicTQIaZ9ipLTkmwfcdzlSQ8FTlEF3oHSUQ9u6TY/qx5l7+G2SVuabVatmTQD/ErsgVVCg6Zsfbi/CCSehwgxJ2bWtWHkpEopiRrKKm0gSIzxCA9LVNEScSC+d3JTBPa30YD8S+oUKTtSfEyniUo55oJP5inLWy8X/vG6i+mdeSsM4USTE04/6CYMqgnlBsEcFwYqNNUFYUL0rxEMkEFa6xoouwZ49+S9x6rXzmnV9Um1cFG2UwQ7YBfvABqegAa5AEzgAg3vwCJ7Bi/FgPBmvxts0WjKKmW3wC8b7F/Qyncc=</latexit><latexit sha1_base64="yuASSspfEb1eMVrpr54KV/eeDIc=">AAACEnicbVDNSsNAGNzUv1r/oh69LBZBREtSBfVW9OKxgmkLTQyb7bZdupuE3Y1QQt7Bi6/ixYOKV0/efBs3bQStDiwMM/Ox3zdBzKhUlvVplObmFxaXysuVldW19Q1zc6slo0Rg4uCIRaITIEkYDYmjqGKkEwuCeMBIOxhd5n77jghJo/BGjWPicTQIaZ9ipLTkmwfcdzlSQ8FTlEF3oHSUQ9u6TY/qx5l7+G2SVuabVatmTQD/ErsgVVCg6Zsfbi/CCSehwgxJ2bWtWHkpEopiRrKKm0gSIzxCA9LVNEScSC+d3JTBPa30YD8S+oUKTtSfEyniUo55oJP5inLWy8X/vG6i+mdeSsM4USTE04/6CYMqgnlBsEcFwYqNNUFYUL0rxEMkEFa6xoouwZ49+S9x6rXzmnV9Um1cFG2UwQ7YBfvABqegAa5AEzgAg3vwCJ7Bi/FgPBmvxts0WjKKmW3wC8b7F/Qyncc=</latexit><latexit sha1_base64="yuASSspfEb1eMVrpr54KV/eeDIc=">AAACEnicbVDNSsNAGNzUv1r/oh69LBZBREtSBfVW9OKxgmkLTQyb7bZdupuE3Y1QQt7Bi6/ixYOKV0/efBs3bQStDiwMM/Ox3zdBzKhUlvVplObmFxaXysuVldW19Q1zc6slo0Rg4uCIRaITIEkYDYmjqGKkEwuCeMBIOxhd5n77jghJo/BGjWPicTQIaZ9ipLTkmwfcdzlSQ8FTlEF3oHSUQ9u6TY/qx5l7+G2SVuabVatmTQD/ErsgVVCg6Zsfbi/CCSehwgxJ2bWtWHkpEopiRrKKm0gSIzxCA9LVNEScSC+d3JTBPa30YD8S+oUKTtSfEyniUo55oJP5inLWy8X/vG6i+mdeSsM4USTE04/6CYMqgnlBsEcFwYqNNUFYUL0rxEMkEFa6xoouwZ49+S9x6rXzmnV9Um1cFG2UwQ7YBfvABqegAa5AEzgAg3vwCJ7Bi/FgPBmvxts0WjKKmW3wC8b7F/Qyncc=</latexit>

Armengaud et al. (2017); Zhang et al. (2017); Baur et al. (2016); Rogers et al. (in prep.)

+ warm dark matter [WDM] / interacting dark matter

Figure 4. Top & Middle: Visual inspection (see caption of Fig 1) at z = 2.2, 3.4 and 4.6 of the best-guess,
i.e., CDM, model (top) and of a simulation assuming a 500 eV DM-particle mass (middle) for visualization
purposes. Panels are 8 h�1 Mpc across. Bottom: Ratio of the WDM to the CDM Ly-↵ transmitted flux
power spectra at redshifts z = 2.2, 3.4 and 4.6, normalized to identical �8, for our mX = 2.5 keV (left) and
5 keV (right) grid values. Line thickness encodes simulation uncertainty (statistical).
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BAYESIAN EMULATOR OPTIMISATION

JCAP, 02, 031, 2019 
JCAP, 02, 050, 2019 

with Peiris, Bird, Pontzen, Verde, Font-Ribera
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Bayesian optimisation actively constructs training set & tests for convergence

Rogers et al. (2019)

Gaussian process smoothly & probabilistically interpolates between training sims
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Bayesian emulator optimisation is 
more accurate with fewer simulations

Rogers et al. (2019)
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Motivation II: small scale clustering
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Lyman-α forest offers a 
unique window to study 

small scale clustering

Combined with CMB, it 
allows us to study:

• dark matter properties
• neutrino mass
• shape of primordial P(k)

Lyman-α Forest

Scales sensitive to deviation 
from cold dark matter

Stronger 
dark matter 
signal at 
higher redshift
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a new, general parametrisation for the small-scale power
suppression, which accurately covers all the most viable
(non-thermal) nCDM scenarios, with the goal to provide
a fully general modelling of the small-scale departures
from the standard CDM model. Such parametrisation
represents a direct link between DM model building and
structure formation observations. This can be exploited
to investigate, in a simple way, the astrophysical implica-
tions of di↵erent nCDM scenarios, focusing not only on
the corresponding cut-o↵ scale, but also on the peculiar
features of the power spectra at small scales. Such inves-
tigation is therefore intriguing per se, even regardless of
the CDM small-scale crisis.

In this paper, we present the first accurate astrophys-
ical constraints on the general parametrisation discussed
in Ref. [27], which are easily translatable to bounds on
the fundamental nCDM properties. They have been ob-
tained through a comprehensive analysis of the Lyman-↵
forest [28], namely the absorption lines produced by the
inhomogeneous distribution of the intergalactic neutral
hydrogen along di↵erent line of sights to distant quasars
(QSOs) [29], which is an ideal tracer for the matter power
spectrum at high redshifts (2 . z . 5) and small scales
(0.5 Mpc/h,. � . 20 Mpc/h) [23, 25].

The paper is organised as follows: in Section II
we briefly summarise the novel parametrisation for the
small-scale power suppression; in Section III we describe
the suite of simulations that we have performed; in Sec-
tion IV we present the data set that we have used; in
Section V we discuss the method that we have adopted
for the analysis; in Section VI we discuss the results that
we have obtained and their implications for the funda-
mental nature of DM; finally, in Section VII we draw the
conclusions and outline the future developments of this
work.

II. A NEW, GENERAL PARAMETRISATION

The small-scale suppression of the matter power spec-
trum P (k), due to the existence of nCDM, is usually
described by the transfer function T (k), which is defined
as follows:

T 2(k) =


P (k)

nCDM

P (k)
CDM

�
, (1)

i.e. as the square root of the ratio of the linear power
spectrum in the presence of nCDM with respect to that
in the presence of CDM only, for fixed cosmological pa-
rameters. For the particular case of thermal WDM, the
transfer function is well approximated by the analytical
fitting function [30]

T (k) = [1 + (↵k)2µ]�5/µ, (2)

where ↵ is the only free parameter and µ = 1.12. There-
fore, bounds on the mass of the thermal WDM candidate
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FIG. 1. Here we plot the squared transfer functions associated
to the 109 {↵,�, �}-combinations that we used for our anal-
ysis (grey solid lines), each of them corresponding to a di↵er-
ent nCDM model (see also Table II). We also plot the squared
transfer functions corresponding to three thermal WDMmod-
els with masses 2, 3 and 4 keV (blue, green and red dashed
lines, respectively).

are easily converted into constraints on ↵, through the
following formula [18]:

↵ = 0.24

✓
m

x

/T
x

1 keV/T
⌫

◆�0.83

✓
!
x

0.25(0.7)2

◆�0.16

Mpc

= 0.049
⇣ m

x

1 keV

⌘�1.11

✓
⌦

x

0.25

◆
0.11

✓
h

0.7

◆
1.22

h�1Mpc ,

(3)
with m

i

being the mass, T
i

the temperature, ⌦
i

the abun-
dance of the i-th species and !

i

⌘ ⌦
i

h2. The index
i = x, ⌫ stands for WDM and active neutrinos, respec-
tively.

Let us now introduce the half-mode scale, k
1/2

, as the
wave-number for which T 2 ⌘ 0.5, and define the following
generalisation of Eq. (2), which has been introduced and
thoroughly discussed in Refs. [27, 31]:

T (k) = [1 + (↵k)� ]� , (4)

so that k
1/2

is a function of the three parameters ↵, �
and �, i.e.

k
1/2

= ((0.5)1/2� � 1)1/�)↵�1. (5)

Via Eqs. (2) and (3) we have a one-to-one correspon-
dence between m

x

and ↵. On the other hand, through
Eqs. (4) and (5), bounds on the DM mass are mapped to
3D surfaces in the {↵,�, �}-space. In other words, given
a value of k

1/2

which corresponds to a certain thermal
WDM mass, Eq. (5) allows to compute the correspond-
ing surface in a 3D parameter space.

It is well established that thermal warm DM candi-
dates with masses of the order of 3 keV can induce a sup-
pression in the corresponding matter power spectra such

Font-Ribera; Murgia et al. (2018)



(4.6)

11-dimensional emulator for 
dark matter bounds

τ0 (z=5) ns As HS HA(4.2) Ωm α β γ zrei Trei



The Lyman-alpha forest constrains dark matter model space by 
scale and shape of power spectrum suppression



Synergy

• Lyman-alpha forest sensitive to light DM - baryon cross sections 

unaccessible by traditional direct detection (e.g., CRESST)

• Ultra-light axion bounds complementary to potential future direct 

detection (CASPEr-ZULF) 

• DM self-interaction bounds from Lyman-alpha forest arise from scales 

intermediate to astro probes (galaxy clusters/dwarf galaxies)


