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Find dark matter by only known interaction — gravity 
— trace dark matter by galaxies & intergalactic gas

Illustris simulation



Early galaxy surveys ruled out hot dark matter

White (1986)

Hot dark matter
simulation

Cold dark matter
simulation



Sloan Digital Sky Survey maps galaxies and 
intergalactic gas towards edge of observable Universe
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Wave vs particle dark matter

Mocz et al. (2019)
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FIG. 1. Anatomy of a cosmic filament. We show, for CDM, WDM, and FDM cosmologies: (a) the projected dark matter
distribution in the simulation domain at redshift z = 5.5; (b) projections of dark matter, gas, and stars in a filament; and (c)
slices of the dark matter through a filament. In CDM the dark matter fragments into subhalos on all scales. WDM exhibits
rich caustic structures. FDM has interference patterns at the scales of the de Broglie wavelength, which regularize caustic
singularities. These di↵erences in small-scale structure will help constrain the elusive nature of dark matter.

dark matter distribution, constrain WDM and FDM the-
ories, favoring particle masses above mWDM ⇠ 3 keV and
m ⇠ 10�22 eV respectively [17–19]. The subhalo mass
function may imply even higher masses [20]. However,
for FDM these constraints can only be used as guide-
lines, being based on simulations that ignore the impact
of wave e↵ects on baryons.

The first objects in the Universe o↵er a unique way to
tighten the observational constraints. Compared to the
local Universe, in which galaxies in 1011 M� dark mat-
ter halos are typical, an early CDM universe (at redshift
z ⇠ 30, i.e., 108 years after the Big Bang) is populated by
much smaller nearly-spherical halos of ⇠ 105 � 107 M�
in which proto-galaxies are born [21]. In contrast, WDM
first star-forming structures form later and are filamen-
tary due to the initial suppression of the dark matter
power spectrum by particle free-streaming [22, 23]. Com-
pared to WDM, wavelike FDM additionally features in-

terference patterns and soliton cores, as is demonstrated
by dark matter-only cosmological simulations [24]. Un-
til now, impact of FDM on star and galaxy formation
has been studied with hydrodynamical simulations that
ignore the wavelike aspects of the dark matter super-
fluid [25]. The first consistent cosmological simulations
of ultralight bosons coupled to the state-of-the-art hy-
drodynamical modeling are presented here and will allow
realistic tests of FDM with existing and upcoming data.

Simulating a ‘fuzzy’ universe. FDM, a scalar boson in
the non-relativistic limit, is described by a complex field
 = A exp[�i�], with amplitude A tied to the dark mat-
ter density ⇢ ⌘ |A|2; and phase � encoding the velocity
v ⌘ (~/m)r�, where ~ is the reduced Planck constant.

The Schrödinger-Poisson (SP) equations in an expand-
ing universe govern the evolution of FDM [5]. In physical
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m ⇠ 10�22 eV respectively [17–19]. The subhalo mass
function may imply even higher masses [20]. However,
for FDM these constraints can only be used as guide-
lines, being based on simulations that ignore the impact
of wave e↵ects on baryons.

The first objects in the Universe o↵er a unique way to
tighten the observational constraints. Compared to the
local Universe, in which galaxies in 1011 M� dark mat-
ter halos are typical, an early CDM universe (at redshift
z ⇠ 30, i.e., 108 years after the Big Bang) is populated by
much smaller nearly-spherical halos of ⇠ 105 � 107 M�
in which proto-galaxies are born [21]. In contrast, WDM
first star-forming structures form later and are filamen-
tary due to the initial suppression of the dark matter
power spectrum by particle free-streaming [22, 23]. Com-
pared to WDM, wavelike FDM additionally features in-
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by dark matter-only cosmological simulations [24]. Un-
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has been studied with hydrodynamical simulations that
ignore the wavelike aspects of the dark matter super-
fluid [25]. The first consistent cosmological simulations
of ultralight bosons coupled to the state-of-the-art hy-
drodynamical modeling are presented here and will allow
realistic tests of FDM with existing and upcoming data.

Simulating a ‘fuzzy’ universe. FDM, a scalar boson in
the non-relativistic limit, is described by a complex field
 = A exp[�i�], with amplitude A tied to the dark mat-
ter density ⇢ ⌘ |A|2; and phase � encoding the velocity
v ⌘ (~/m)r�, where ~ is the reduced Planck constant.

The Schrödinger-Poisson (SP) equations in an expand-
ing universe govern the evolution of FDM [5]. In physical
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Chen et al. (2002); Dvorkin et al. (2014); Rogers et al. (2022, Phys. Rev. Lett.)

Light (sub-GeV) particle DM 
collisionally dampens growth of small-scale structure



Access smaller cosmic scales 
to test “canonical” 10-22 - 10-21 eV ULA dark matter

• Ly-alpha forest traces linear, high-redshift (z ~ 5), small-scale density perturbations

Hu et al. (2000)
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Lyman-alpha forest absorption traces dark matter 
— robustly account for range of astrophysical states



6 Lukić et al.

Figure 2. A slice of the baryon density, temperature, H I number density,
and flux from the L20 N2048 simulation at z = 2.5. The slice covers the
domain of 20 x 20 h�1Mpc, with a thickness of about 100 h�1kpc (10 cells).
Note that the F line of sight is the y-axis direction, so that broadened lines
show up as vertical black streaks.

2.2 Included Physics

Besides solving for gravity and the Euler equations, we model the
chemistry of the gas as having a primordial composition with hy-
drogen and helium mass abundances of X = 0.75, and Y = 0.25,
respectively. The choice of values is in agreement with the recent
CMB observations and Big Bang nucleosynthesis (Coc, Uzan &
Vangioni 2013). The resulting reaction network includes 6 atomic
species: H I, H II, He I, He II, He III and e�, which we evolve under
the assumption of ionization equilibrium. The resulting system of
algebraic equations is:
�
Ge,H Ine +Gg,H I

�
nH I = ar,H IInenH II

�
Ge,He Ine +Gg,He I

�
nHe I =

�
ar,He II +ad,He II

�
nenHe II

⇥
Gg,He II +

�
Ge,He II +ar,He II +ad,He II

�
ne
⇤

nHe II

= ar,He IIInenHe III +
�
Ge,He Ine +Gg,He I

�
nHe I

(5)

in addition, there are three closure equations for the conservation
of charge and hydrogen and helium abundances. Radiative recom-
bination (ar,X), dielectronic recombination (ad,X), and collisional
ionization (Ge,X) rates are strongly dependent on the temperature,
which itself depends on the ionization state through the mean mass
per particle µ

T =
2
3

mp

kB
µ eint (6)

where mp is the mass of a proton, kB is the Boltzmann con-
stant, and eint is the internal thermal energy per mass of the gas.
Here we assume adiabatic index for monoatomic ideal gas. For

a gas composed of only hydrogen and helium, µ is related to
the number density of free electrons relative to hydrogen by µ =
1/ [1� (3/4)Y +(1�Y )ne/nH]. We iteratively solve the reaction
network equations together with the ideal gas equation of state,
p = 2/3reint, to determine the temperature and equilibrium dis-
tribution of species.

We compute radiative cooling as in Katz, Weinberg & Hern-
quist (1996), and assume a spatially uniform, but time-varying ul-
traviolet background (UVB) radiation field from either Faucher-
Giguère et al. (2009) or Haardt & Madau (2012). We do not follow
radiation transport through the box, nor do we explicitly account
for the effects of thermal feedback of stars, quasars, or active galac-
tic nuclei; all cells are assumed to be optically thin, and radiative
feedback is accounted for via the UVB model. In addition, we in-
clude inverse Compton cooling off the microwave background. For
the exact rates used in the Nyx code and comparison of two UV
backgrounds we refer the reader to Appendix A.

2.3 Simulated Spectra

The optical depth t for Lya photon scattering is

tn =
Z

nXsn dr (7)

where n is the frequency, nX is the number density of species X,
sn is the cross section of the interaction, and dr is the proper path
length element. For our current work, we assume a Doppler line
profile, so the resulting optical depth is

tn =
pe2

mec
f12

Z nX
DnD

exp

�
⇣

n�n0
DnD

⌘2
�

p
p

dr, (8)

where DnD = (b/c)n0 is the Doppler width with the Doppler pa-
rameter b = bthermal =

p
2kBT/mH, and f12 is the upward oscilla-

tor strength of the Lya resonance transition of frequency n0. See
Appendix B for a more detailed discussion of our optical depth cal-
culation, including the discretization of Equation (8).

We choose sightlines, or “skewers”, crossing the domain par-
allel to one of the axes of the simulation grid and piercing the cell
centers. Computationally, this is the most efficient approach. This
choice of rays avoids explicit ray-casting and any interpolation of
the cell-centered data, which introduce other numerical and peri-
odicity issues. We cover the entire N3 grid with skewers, which
provides the equivalent of N2 spectra. Although large-scale modes
along different spatial dimensions are statistically independent al-
lowing some gain in statistics from multiple viewing directions, in
this work we use a single line-of-sight axis rather than combining
together skewers using all 3 axes. The process of going from simu-
lated baryon values to flux F is illustrated in Figure 1.

3 PHYSICAL PROPERTIES OF THE LYa FOREST

Zhang et al. (1998) discuss the physical properties of the Lya forest
in hierarchical models such as CDM. The discussion in this section
can largely be considered as an update of that work.

As described above, the state of the IGM is relatively sim-
ple with a few power laws approximately tying together the spatial
distribution of baryon density, temperature, proper H I number den-
sity, and optical depth to H I Lya photon scattering. Figure 2 shows
a slice of these quantities in one of our high-resolution simulations,
except with the optical depth replaced by the transmitted flux. We

c� 2014 RAS, MNRAS 000, 1–28
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• Ly-alpha forest traces DM & 
intergalactic medium astrophysics

• ~ 3000 CPU-hours per simulation 
in 12-D parameter space 

• ⇒ need ML-accelerated “emulator”

Lyman-alpha forest absorption traces dark matter 
— robustly account for range of astrophysical states



Dark matter bounds driven by new small-scale data
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MW satellites

CMB

Ly-Æf (SDSS-I)

X-ray Quantum Calorimeter

Direct detection

Strongest upper limit 
on light dark matter cross section

Rogers, Dvorkin, Peiris (Phys. Rev. Lett., 128, 17, 171301, 2022)



“Canonical” 10-22 - 10-21 eV ULA DM is ruled out
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Summary

• Detect DM in large-scale structure by only known property — gravity

• Strongest upper limit on light DM — proton cross section

• Strongest lower limit on DM mass — rule out canonical 10-22 eV mass


