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

Illustris simulation2
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Figure 4: Sensitivity projections (90% CL) for spin-independent WIMP-nucleon scattering. The neutrino floor is
defined as in Fig. 3 and shown for different targets. Shown are projections from ARGO [360], CRESST, CYGNUS
(1000m3) [356], DAMIC-M [327], DarkSide-20k [360], DARWIN [242, 251], EDELWEISS [358], LZ [241],
NEWS-G (ECUME) [334], PandaX-4t [278], SuperCDMS [359], T-REX [336], XENONnT [283] along with the
envelope of the current results from Fig. 3.

neutrino-induced backgrounds. The ultimately lower background achievable in argon experiments due
to the pulse-shape discrimination of ERs allows a better discovery potential for higher WIMP mass,
see Fig. 5. The discovery potential at lower mass is better in xenon experiments thanks to their much
lower experimental energy threshold. When operated in charge-only mode, the large liquid noble gas
TPCs also have a good sensitivity in the low mass region below ⇠5GeV/c

2, however, the discovery
potential is superior for the dedicated low-mass searches using bolometers and crystals thanks to their
lower backgrounds and energy thresholds.

It is important to emphasise that the whole spectrum of direct WIMP searches with all its com-
plementary approaches, targets and search channels cannot be put into one common figure. Experi-
ments with targets containing 19F are needed to optimally probe spin-dependent WIMP-proton coup-
lings. Xenon targets (129Xe, 131Xe) are required to test spin-dependent WIMP-neutron couplings with
the highest sensitivity, however, there are a number of isotopes which can also provide excellent res-
ults in one or/and the other channel (e.g., 7Li, 17O, 23Na, 27Al, 29Si, 73Ge, 127I, 183W). The search
for signatures of inelastic scattering requires a low background in both, NR and ER (before rejection),
channels; an additional excellent energy resolution will allow for an optimal characterisation of the pro-
cess. Interactions of DM particles in the mass range of O(1 � 100)MeV/c

2 are best searched for by
detectors with a sensitivity to single electrons, e.g., Si CCDs, Ge bolometers or liquid noble gas TPCs in
charge-only mode. Other models introduce different coupling between DM and protons vs. neutrons to
explain the apparent tension between DM claims and limits (e.g., [188]): in such a "xenophobic" model,
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The technological frontier in dark matter direct 
detection is sub-GeV

APPEC committee report (2021)4
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Chen et al. (2002); Dvorkin et al. (2014); Rogers et al. (Phys. Rev. Lett., 2022)

Light (sub-GeV) particle dark matter 
collisionally dampens growth of small-scale structure
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III. Producing Relic Axions

  

Figure III.1.: The Vacuum Realignment Mechanism. At temperatures T = fa the complex
Peccei-Quinn scalar field develops its vacuum expectation value and breaks the
global U(1)PQ symmetry. This can be pictured as the complex scalar falling into
the valley of its Mexican hat potential. It can fall basically in any given direction
since none is energetically favored. We say the potential is flat in this direction.
This means that the axion, which is identified as the phase of the complex scalar,
is massless and can have any value in a/fa œ [≠fi, fi]. At high temperatures the
axion field is essentially frozen at this value. But when the universe cools down
to temperatures T ≥ TQCD around the QCD phase transition, a potential V (a)
and therefore a mass for the axion is generated. This can be pictured as the
Mexican hat being slightly tilted. This implies that the axion field is driven away
from its initial value and it has to realign with the CP conserving minimum of
its potential, the vacuum state with the lowest energy. Therefore, as soon as it
can overcome the so-called Hubble drag of the cosmological expansion, the axion
field will start to roll down to the potential minimum. It will slightly overshoot
it and start to oscillate around it. The energy stored in this coherent oscillations
behaves as collisionless matter and can explain the observed DM energy density.
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Axions are dark energy and dark matter candidates

Figure credit: Pargner (2019); Peccei & Quinn (1977); Weinberg (1978); Wilczek (1978)

Axion 
potential

V

• ma > 10-27 eV: “dark matter-like”

• ma < 10-27 eV: “dark energy-like” 

• ma = 10-33 eV: cosmological constant
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Axion-like particles abundantly produced 
in high-energy theory

h
1
,1

h1,2

Figure 3: The distribution of Hodge numbers h1,1 and h1,2 for the known Calabi-Yau
manifolds in the Kreuzer-Skarke [54] list. Note that the frequency (=number of occurrences)
color scale is logarithmic. There is a huge peak in the distribution at h1,1 ⇡ h1,2 ⇡ 30,
which implies that a compactification picked at random from this list is most likely to
contain of the order of 30 axions.

four-dimensional limit [5]. This scenario has come to be known as the string axiverse [17].6

Let’s flesh out the discussion above with some simple examples and observations. I will
use notation for forms, which can be found in e.g. Ref. [55].

A (p + 1)-form field strength Fp+1 appears in the action as:

S � �1

2

Z
Fp+1 ^ ?Fp+1 = � 1

2(p + 1)!

Z
dDx

p
�gDFµ1···µp+1F

µ1···µp+1 , (28)

where D is the number of spacetime dimensions, and gD is the D-dimensional metric deter-
minant. The equation of motion is dF = 0, implying Fp+1 can be written as Fp+1 = dAp,
since d2 = 0 (this is just like the EM field strength and the usual vector potential). A
general solution which is homogeneous and isotropic in the large dimensions is found by
decomposing the potential A into the basis of harmonic p-forms, !p,i, on the compact
manifold:

Ap =
1

2⇡

X
ai(x)!p,i(y) ) ai =

Z

Cp,i

Ap , (29)

where Cp,i are p-cycles in the compact space, x are co-ordinates in the large 3 + 1 dimen-
sions, y are co-ordinates in the compact space, and for symmetry under CP , ai(x) is a
pseudoscalar.

The sum in Eq. (29) runs over the number of harmonic forms, and expresses the topo-
logically distinct ways that F can be “wrapped” on the compact space. The number of
basis p-forms is determined by the number of homologically non-equivalent p-cycles, i.e. by
the pth Betty number, bp. For example, taking the decomposition Eq. (29) for the two-form
B mentioned above, we would count the number of two-cycles, and for the C4 four-form of

6Of course, there are many subtleties, and not all the axions present in the spectrum may survive to low
energies. I defer to the references for discussion of this topic.
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• Axion-like particles widely formed 
in BSM theories, inc. string models

• Axiverse of different mass axions 
from spacetime compactification 

• One/more string axions can be DM

Figure credit: Marsh (2016)8



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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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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Ultra-light axions are invoked to resolve so-called 
cold dark matter “small-scale crisis”

Cusp-core
problem?

Missing satellites
problem?

Too-big-to-fail
problem?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

TIGM = T0(z)(1 + �⇢/⇢)�(z)�1 (11)

As for the case of cosmological parameters, we adopt here
fixed benchmark parameters such that T0(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 7683 DM particles in a 25 h

�1 Mpc box, and
one on larger scales, with 7683 particles in a 100 h

�1 Mpc
box, making use of a third low-resolution simulation with
1283 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 (7683 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 ⇥ 1010 (m/s)2. Bottom right : quantum pressure for ma = 3.4 ⇥
10�22 eV, with color scale in the range from �4 to 8 ⇥ 105 (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

MNRAS 000, 1–11 (2017)

5 
M

pc
 / 

h

ULA dark matter
(m = 10-22 eV)

Cold dark matter

Figure credit: Armengaud et al. (2017); Hu et al. (2000)10
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White et al. (2022)
Ivanov et al. (2020)
Tröster et al. (2020)
Chen et al. (2021)
Ivanov et al. (2021)
Philcox et al. (2021)
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van Uitert et al. (2018)
Tröster et al. (2020)
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Abbott et al. (2021)
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WL+GC+CMBL KiDS+DES+eBOSS+Planck
WL+GC HSC+BOSS

0.74
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0.782
0.759
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0.737

0.716
0.762
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0.759

Joudaki et al. (2017)
Hikage et al. (2019)
Hamana et al. (2020)
Troxel et al. (2018)
Amon et al. and Secco et al. (2021)
Hildebrandt et al. (2017)
Kohlinger et al. (2017)
Hildebrandt et al. (2020)
Wright et al. (2020)
Joudaki et al. (2020)
Asgari et al. (2020)
Asgari et al. (2021)

WL CFHTLenS
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WL HSC-TPCF
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WL KiDS+VIKING-450
WL KiDS+VIKING-450
WL KiDS+VIKING+DES-Y1
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Aiola et al. (2020)
Aghanim et al. (2020d)
Aghanim et al. (2020d)

CMB ACT+WMAP
CMB Planck TT,TE,EE+lowE+lensing
CMB Planck TT,TE,EE+lowE

Early Universe

Late Universe

0.2 0.4 0.6 0.8 1.0 1.2

S8��8 �m /0.3

FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

S8 ~ amplitude of density fluctuations at 8 Mpc/h
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Laguë, Bond, Hložek, Rogers, Marsh, Grin (JCAP, 2022)
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Ultra-light axion dark matter causes 
scale-dependent suppression in matter clustering
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Axions lower S8
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AXIONEMU: 
NEURAL NETWORK EMULATOR 

OF AXION POWER SPECTRA

with Anran Xu

https://github.com/keirkwame/axionEmu
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https://github.com/keirkwame/axionEmu


+

+ extreme-axionCAMB ~ 60 seconds

axionCAMB ~ 10 seconds

CAMB ~ 1 secondchains ~ hours

chains ~ days

chains ~ weeks
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+

+

axionEmu neural networks 
~ 10-4 seconds

CosmoPower: Mancini+ (2022); axionEmu: Xu & Rogers (2023)

Anran Xu
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Anran Xu & Keir Rogers (in prep, 2023)

Neural net emulators will accelerate next-generation 
data analyses in GPU-heavy computing landscape

• Modified TensorFlow Planck CMB 
likelihood code

• GPU-accelerated Markov chain 
Monte Carlo sampling 

• 30 hours → 10 seconds
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JOINT CONSTRAINTS ON ULTRA-LIGHT AXIONS 
FROM CMB & GALAXY SURVEYS

arXiv: 2301.08361
JCAP, 01, 049, 2022

MNRAS, 515, 5646, 2022
with Hložek, Laguë, Ivanov, Philcox, Cabass, Akitsu, Marsh, Bond, Dentler, Grin
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Axions bring CMB, BAO & SNe data 
compatible with low S8

All CMB + BAO + SNe (§CDM)
All CMB + BAO + SNe (ma = 10°25 eV)
DES-Y3 3 £ 2 (§CDM)
KiDS 3 £ 2 (§CDM)
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Sloan Digital Sky Survey maps galaxies and 
intergalactic gas towards edge of observable Universe
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Model galaxy clustering into mildly non-linear regime 
with effective field theory of large-scale structure

Rogers, Hložek, et al. (arXiv:2301.08361); Baumann et al. (2012); Chudaykin et al. (2020)

Linear theory 
(Kaiser model)
∝ PLinear(k)

Perturbation 
theory

∝ k2 PLinear(k)

Ultraviolet 
counterterms
∝ k2 PLinear(k)

Stochastic
(shot noise/RSD)

+ Infrared resummation
+ Alcock-Paczynski distortion
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Figure 3: Monopoles and quadrupoles of the galaxy clustering obtained from the linear
power spectra of Fig. 2. The model is evaluated with fixed cosmological and bias parameters
at redshift z = 0.57. We highlight a slight increase in the quadrupole on small scales indicating
that the structure suppression from axions also has anisotropic effects.

real-space overdensity, the multipole moments P` of the power spectrum are calculated by
integrating over the angle between the line-of-sight and the wavevector k. It is customary to
decompose the latter into k which is the scalar amplitude of the vector and µ which is the
cosine of angle between the wavevector and the line-of-sight. The integral expression for the
galaxy multipoles can then be written as (using the Yamamoto estimator [47])

P`(k) =

⌧
2` + 1

V

Z
d⌦k

4⇡
�g(k)�g(�k)P`

⇣
k̂ · ẑ

⌘�
, (3.2)

where the hat denotes unit vectors and P` are the Legendre polynomials of degree `. In the
data, the shot noise Pshot = 1/n̄g is subtracted from the monopole. For the purpose of this
study, we will focus on the monopole (` = 0) and quadrupole (` = 2) moments of the power
spectrum.

Our model for the multipoles begins with the linear matter power spectrum generated
from a set of standard flat ⇤CDM cosmological parameters and a set of two axion param-
eters. We first obtain the power spectrum without the axion effects using the Boltzmann
code Class [48] and the axion transfer function with the adapted code axionCAMB. We re-
fer to this power spectrum as the CDM power spectrum. The reason for this use of code
combination is to separate the calculations for the axion effects from the rest of the cosmo-
logical calculations since they take significantly longer to complete. We opt to interpolate
over the axion transfer function rather than the full matter power spectrum since the axion
transfer function is independent of As. This implies that we can reduce the dimensionality of
our interpolation tables for the axion transfer function by interpolating only over the axion
fraction, the Hubble constant, the baryon density, and the dark matter density. This saves

– 7 –

Laguë, Bond, Hložek, Rogers, Marsh, Grin (JCAP, 2022)

Galaxy clustering traces dark matter clustering 
— revealing signature of ultra-light axions
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Axions improve consistency between Planck and BOSS

Rogers, Hložek, et al. (arXiv:2301.08361)

• Planck cosmic microwave background

• BOSS galaxy power spectrum 

• BOSS galaxy power spectrum + bispectrum

BOSS galaxy power spectrum (ma = 10°25 eV)
BOSS galaxy power spectrum + bispectrum (ma = 10°25 eV)
Planck cosmic microwave background (ma = 10°25 eV)
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Strongest axion limits come from combining 
cosmic microwave background & galaxy clustering
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Planck + BOSS (§CDM)
Planck + BOSS (ma = 10°25 eV)
DES-Y3 3 £ 2 (§CDM)
KiDS 3 £ 2 (§CDM)
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Axions bring CMB & galaxy clustering 
compatible with low S8
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Planck18

DES �±

DES �± + Planck18

Dentler, Marsh, Hložek, Laguë, Rogers, Grin (MNRAS, 2022)

Joint CMB & galaxy weak lensing limits 
using axion dark matter halo model
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Lyman-alpha forest probes smallest cosmic scales

29



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

20
 M

pc
 / 

h

Baryons HI

Temperature Ly-ɑf flux

Lukić et al. (2015); Rogers et al. (JCAP, 2019); Rogers & Peiris (Phys. Rev. D, 2021)

Lyman-alpha forest probes smallest cosmic scales 
— robustly account for range of astrophysical states

• Ly-alpha forest traces DM & 
intergalactic medium astrophysics

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

• ⇒ need ML-accelerated emulator
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DARK MATTER EMULATOR 
WITH ACTIVE LEARNING

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

Phys. Rev. D, 103, 043526, 2021
with Peiris, Bird, Pontzen, Verde, Font-Ribera
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NEW LIMITS ON 
DARK MATTER — PROTON INTERACTION

Phys. Rev. Lett., 128, 171301, 2022
Phys. Rev. D, 103, 043526, 2021

with Dvorkin, Peiris
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Dark matter limits driven by new small-scale data
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scale 
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°2.0 °1.5 °1.0
log(kf [s km°1])

10°2

10°1

k f
P

f(
k f

)/
º

z = 5.0

z = 4.6

z = 4.2

Max posterior

Data

Ly
-ɑ

f fl
ux

 p
ow

er
 s

pe
ct

ru
m

Rogers & Peiris (PRL, 2021); Rogers et al. (PRL, 2022)

D
at

a: 
Bo

er
a 

et
 a

l. 
(2

01
9)

34



5 6 7 8 9 10 11
log [Dark matter mass m (eV)]

°31

°30

°29

°28

°27

°26

°25

°24
lo

g
[P

ro
to

n
°

D
M

cr
os

s
se

ct
io

n
æ

(c
m

2 )
]

Ly-Æf (this work)

MW satellites

CMB

Ly-Æf (SDSS-I)

X-ray Quantum Calorimeter

Direct detection

Cosmological limits on light (sub-GeV) dark matter 
highly complementary to direct detection

Rogers et al. (Phys. Rev. Lett., 2022)35



STRONG BOUND ON CANONICAL 
ULTRA-LIGHT AXION DARK MATTER

Phys. Rev. Lett., 126, 071302, 2021
with Peiris
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“Canonical” 10-22 - 10-21 eV axion DM is ruled out
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Improve bound by 
order of magnitude
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https://keirkwame.github.io/DM_limits

Multi-probe approach to detect ultra-light axions
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neural networks

Hydro sims
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Summary

• New frontier in dark matter detection is light & ultra-light dark matter

• Rule out “small-scale crisis” axion; but axions could resolve S8 tension 

• Machine learning emulator approaches to accelerate next-gen data analyses
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