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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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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

• One/more string axions can be DM 

• Ultra-light axions (ma < 10-18 eV) 
for Grand Unified Theory-scale fa

Figure credit: Marsh (2016)5



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

Cold
(massive
particle)

DM

Fuzzy
(wave)

DM
(m = 10-22 eV)

Warm
DM
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CDM FDM

Laguë, Schwabe, Hložek, Marsh, Rogers (arXiv: 2310.20000)

Fuzzy dark matter forms interference fringes, 
halo cores and oscillating dark matter granules
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Abdalla et al. (Snowmass 2022)
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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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JOINT CONSTRAINTS ON ULTRA-LIGHT AXIONS 
FROM CMB & GALAXY SURVEYS

JCAP, 06, 023, 2023
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. (JCAP, 2023); Baumann et al. (2012); Chudaykin et al. (2020)
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Axion “quantum” corrections suppressed by Jeans 
scale

Laguë, Bond, Hložek, Rogers, Marsh, Grin (JCAP, 2022)
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Figure 17: Amplitude of the wave effects at linear order. We see that the wave effects begin
to dominate in a regime where the axion perturbations are severely suppressed and that the
relative size of the quantum corrections are bounded from above. This was generated for an
axion mass of 10�27 eV at redshift z = 1.

is heavily suppressed. It is worth pointing out that this study was conducted for a single
component dark matter of ma = 10�23 eV. In the case of a two-component dark matter, the
total dark matter perturbations (�d) obey

h�d(k)�d(k)i =

⌧
⌦a

⌦d

�a(k) +

✓
1 � ⌦a

⌦d

◆
�c(k)

� 
⌦a

⌦d

�a(k) +

✓
1 � ⌦a

⌦d

◆
�c(k)

��
(A.26)

=
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Therefore the total one-loop contribution to the dark matter gives

P
dd

1�loop(k) =

✓
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◆
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✓
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P
cc

1�loop(k).

(A.28)

Since only P
aa and P

ac have contributions from the wave effects, we see that the amplitude
of these effects in the mixed case are multiplied by at least one power of ⌦a/⌦d which is less
than 0.05 in the vast majority of the cases in our analysis. We conclude that the corrections
from the wave effects on axion dynamics are even smaller in the mixed case and vanish in the
limit ⌦a ⌧ 1, as expected.

B Axions’ Anisotropic Effects

In the rightmost panel of Fig. 3, we observe an enhancement of the quadrupole moment
despite a suppression of structure for the ` = 0 multipole. This is a unique feature as it

– 31 –
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Axions improve consistency 
between Planck and BOSS-EFT

Rogers, Hložek, et al. (JCAP, 2023)

• Planck cosmic microwave background

• BOSS-EFT galaxy power spectrum 

• BOSS-EFT 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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Dentler, Marsh, Hložek, Laguë, Rogers, Grin (MNRAS, 2022); Winch & Rogers (2023, in prep.)

Model galaxy weak lensing into fully non-linear regime 
with axion halo model
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Parameter Description Mead et al. (2015) fit value

Dv Virialised halo overdensity 418Wm(z)�0.352

dc Linear collapse threshold 1.59+0.0314lns8(z)
h Halo bloating 0.603�0.3s8(z)
f Linear spectrum transition damping 0.199s8(z)4.29

k⇤ One-halo damping wavenumber 0.584sv(z)�1

A Min. halo concentration 3.13
a Quasi-linear one- to two-halo term softening 2.93⇥1.77neff

Table 1. The halo model parameters and fitted values from Mead et al. (2015). The additional non-linear nuisance parameters varied in this work are specified
in Eq. (36).
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Figure 3. Suppression of the Halo Mass Function in our model. We show the
Sheth-Tormen prediction Eq. 12 (Sheth & Tormen 1999) based on a CDM
(black, solid) and a FDM (orange, dashed) linear power spectrum, for a par-
ticle mass m = 10�24 eV. In simulations, an additional suppression of the
HMF is observed, parametrized by Schive et al. (2016) (thin black, dashed).
Our model of the additional suppression is shown in green. To account for
modeling uncertainties we introduce two nuissance parameters a1, a2 (cf.
Eq. 31). We show the effect of varying a1 (a2), keeping a2 (a1) fixed in
light green (dark green). The grey-shaded regions correspond to Halo Masses
whose virial radius cannot be resolved on the scales present in the DES-Y1
data. Note that we pick different values for the particle mass parameter m
in Fig. 3 and Fig. 4, because differences between FDM and CDM affect the
HMF and the concentration mass relation at different scales.

to correct the Sheth-Tormen model for FDM, nST(PFDM). We use
the ansatz

n(M,PFDM) = nST(PFDM)DFDM
n (M(n)

0 ,a1,a2), (31)

where we choose the correction function to be of the same functional
form as Eq. (30), and nST(PFDM) is the Sheth-Tormen mass function
computed with the FDM linear power spectrum. This is justified be-
cause for small halo masses M . M(n)

0 , the Sheth-Tormen prediction
for both, the CDM and the ULA case are well described by a power-
law. Re-fitting the slope-parameter a2 within our fiducial model, we
find a2 = 1.86 for our correction function in Eq. (31). We show our
model in solid, green in Fig. 3.

Our approach for the concentration parameter is very similar to
our treatment of the HMF. In Fig. 4, we illustrate the different mod-
els for the concentration parameter. In solid, black, we show the Bul-
lock et al. (2001) prediction, as introduced in Eq. (21), for a CDM
linear power spectrum, cB(PCDM). In thick blue, dashed we show the
Bullock et al. (2001) prediction for the FDM case, cB(PCDM), with
the modified collapse redshift, zcoll(PFDM) computed from the FDM
linear theory power spectrum from AXIONCAMB . As in the case of

Figure 4. Suppression of the concentration mass relation in our model. We
show the case for CDM and FDM directly from the linear power spectrum
using the Bullock et al. (2001) relation in HMCODE , Eq. (21). Schneider
et al. (2013) found additional suppression below the half-mode mass in re-
lated WDM models. We include this extra suppression using two nuisance
parameters, g1 and g2. We show the effects within each prior, holding the
other one fixed, by the light green (g1) and dark green (g2) shaded regions.
We denote the mass scale M above which formally halos have not yet formed,
i.e. zcoll < 0. For these halos, which are very rare according to the respective
HMF, we assume the minimum halo concentration A. The vertical shaded re-
gion indicates approximately halos that are below the DES resolution. Note
that we pick different values for the particle mass parameter m in Fig. 3 and
Fig. 4 to highlight the differences between FDM and CDM affect the HMF
and the concentration mass relation, which occur on different scales.

the HMF, cB(PFDM) is suppressed with respect to cB(PCDM), turning
flat for small halo masses M. However, the suppression predicted by
the Bullock et al. (2001) model is less than measured in simulations.
Note that we show our models for the concentration parameter for
a larger particle mass m = 10�23 eV as compared to Fig. 4. This is
because the differences between FDM and CDM affect the concen-
tration parameter at higher mass scales M, because the halo density
profile, and hence the concentration parameter, trace the matter den-
sity at the time of collapse. Therefore, the concentration parameter
is sensitive to a higher particle mass scale m.

We follow the approach of Schneider et al. (2012), who param-
eterise the additional suppression of the concentration parameter
within their WDM simulations (which includes a free streaming
scale very similar to FDM) as

c(M,PCDM)) = cB(PCDM)DCDM
c (M(c)

0 ,g1,g2), (32)

where c(M,PCDM) is the concentration parameter taking into ac-
count the additional suppression observed in simulations and cB(M)
is the original concentration parameter for CDM (Eq. 21) specified
in Bullock et al. (2001). Schneider et al. (2012) find that the two-
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computed with the FDM linear power spectrum. This is justified be-
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for both, the CDM and the ULA case are well described by a power-
law. Re-fitting the slope-parameter a2 within our fiducial model, we
find a2 = 1.86 for our correction function in Eq. (31). We show our
model in solid, green in Fig. 3.

Our approach for the concentration parameter is very similar to
our treatment of the HMF. In Fig. 4, we illustrate the different mod-
els for the concentration parameter. In solid, black, we show the Bul-
lock et al. (2001) prediction, as introduced in Eq. (21), for a CDM
linear power spectrum, cB(PCDM). In thick blue, dashed we show the
Bullock et al. (2001) prediction for the FDM case, cB(PCDM), with
the modified collapse redshift, zcoll(PFDM) computed from the FDM
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Figure 4. Suppression of the concentration mass relation in our model. We
show the case for CDM and FDM directly from the linear power spectrum
using the Bullock et al. (2001) relation in HMCODE , Eq. (21). Schneider
et al. (2013) found additional suppression below the half-mode mass in re-
lated WDM models. We include this extra suppression using two nuisance
parameters, g1 and g2. We show the effects within each prior, holding the
other one fixed, by the light green (g1) and dark green (g2) shaded regions.
We denote the mass scale M above which formally halos have not yet formed,
i.e. zcoll < 0. For these halos, which are very rare according to the respective
HMF, we assume the minimum halo concentration A. The vertical shaded re-
gion indicates approximately halos that are below the DES resolution. Note
that we pick different values for the particle mass parameter m in Fig. 3 and
Fig. 4 to highlight the differences between FDM and CDM affect the HMF
and the concentration mass relation, which occur on different scales.

the HMF, cB(PFDM) is suppressed with respect to cB(PCDM), turning
flat for small halo masses M. However, the suppression predicted by
the Bullock et al. (2001) model is less than measured in simulations.
Note that we show our models for the concentration parameter for
a larger particle mass m = 10�23 eV as compared to Fig. 4. This is
because the differences between FDM and CDM affect the concen-
tration parameter at higher mass scales M, because the halo density
profile, and hence the concentration parameter, trace the matter den-
sity at the time of collapse. Therefore, the concentration parameter
is sensitive to a higher particle mass scale m.

We follow the approach of Schneider et al. (2012), who param-
eterise the additional suppression of the concentration parameter
within their WDM simulations (which includes a free streaming
scale very similar to FDM) as

c(M,PCDM)) = cB(PCDM)DCDM
c (M(c)

0 ,g1,g2), (32)

where c(M,PCDM) is the concentration parameter taking into ac-
count the additional suppression observed in simulations and cB(M)
is the original concentration parameter for CDM (Eq. 21) specified
in Bullock et al. (2001). Schneider et al. (2012) find that the two-
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Precision weak lensing analysis must account for 
baryonic feedback
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Figure 6. The suppression of the matter power spectrum, Pm(k)/PDMonly(k), required to match the KiDS ⇠± measurements assuming
the Planck ⇤CDM cosmology. The upper and lower panels shows the suppression at z = 0 and z = 1 respectively. The left hand panels
show the HMCode2020 model of Eq. 8 and the right hand panel shows the phenomenological model of Eq. 7. The grey bands show the 1�
allowed ranges. The coloured lines, taken from van Daalen et al. (2020), show the suppression measured from cosmological hydrodynamical
simulations incorporating baryonic feedback. The sources are as follows: Illustris (yellow; Vogelsberger et al. 2014a), Illustris TNG300
(green; Springel et al. 2018), Horizon (purple; Dubois et al. 2014), C-OWLS (red; COSMO-Overwhelmingly Large Simulations Le Brun
et al. 2014) and BAHAMAS (blue; McCarthy et al. 2017) for several values of their AGN subgrid heating parameters, log10(�Theat/K).

lar, SZ observations are sensitive to baryons on larger spa-
tial scales than X-ray observations. Schneider et al. (2021)
use the shear power spectrum measurements from KiDS21,
Atacama Cosmology Telescope (ACT) measurements of the
kinetic SZ (Schaan et al. 2021), together with gas and stellar
fractions in groups and clusters inferred from X-ray measure-
ments (Giri & Schneider 2021) to reconstruct the non-linear
suppression of power using their baryonification model of
feedback. If they constrain the baryon fraction to be within
the range allowed by the CMB, they find a power suppres-
sion (their Fig. 7) that is extreme than most of the simu-
lations, including BAHAMAS. In particular, they find evi-
dence for a significant suppression of power at the wavenum-
bers <⇠ 1 hMpc�1 in good agreement with our best fit Amod

model. The cross-correlation analysis of Tröster et al. (2022)
of the Planck thermal SZ and shear power spectrum mea-
surements supports high values of ⇥AGN that are more ex-
treme than predictions from BAHAMAS, but are restricted
by the prior range adopted for ⇥AGN (a similar e↵ect can
be seen in Fig. 5). Hints for more extreme feedback have
also been found from other analyses that utilise ACT SZ
information Amodeo et al. (2021); Pandey et al. (2021).

To summarize, our analysis shows that a suppression of
power extending to large scales corresponding to wavenum-
bers of k ⇠ 0.2 hMpc�1 is required if the Planck ⇤CDM
cosmology is to be reconciled with cosmic shear. Such strong
feedback on large scales is not seen in most of the hydrody-
namic simulations shown in Fig. 6. If such extreme baryonic
feedback can be ruled out, then a non-linear solution to the
S8 tension would probably require new dark matter physics.

5 CONCLUSIONS

This paper is motivated by the substantial evidence from
galaxy lensing measurements that the parameter S8 has a
lower value than expected in the Planck ⇤CDM cosmology.
Noting that the signal-to-noise driving the cosmic shear con-
straints is dominated by non-linear scales, we have investi-
gated whether the Planck ⇤CDM cosmology can be rec-
onciled with these measurements by modifying the matter
power spectrum on non-linear scales, preserving all other
features of ⇤CDM. If this explanation is correct:

• growth rate measurements that are sensitive mainly to
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lar, SZ observations are sensitive to baryons on larger spa-
tial scales than X-ray observations. Schneider et al. (2021)
use the shear power spectrum measurements from KiDS21,
Atacama Cosmology Telescope (ACT) measurements of the
kinetic SZ (Schaan et al. 2021), together with gas and stellar
fractions in groups and clusters inferred from X-ray measure-
ments (Giri & Schneider 2021) to reconstruct the non-linear
suppression of power using their baryonification model of
feedback. If they constrain the baryon fraction to be within
the range allowed by the CMB, they find a power suppres-
sion (their Fig. 7) that is extreme than most of the simu-
lations, including BAHAMAS. In particular, they find evi-
dence for a significant suppression of power at the wavenum-
bers <⇠ 1 hMpc�1 in good agreement with our best fit Amod

model. The cross-correlation analysis of Tröster et al. (2022)
of the Planck thermal SZ and shear power spectrum mea-
surements supports high values of ⇥AGN that are more ex-
treme than predictions from BAHAMAS, but are restricted
by the prior range adopted for ⇥AGN (a similar e↵ect can
be seen in Fig. 5). Hints for more extreme feedback have
also been found from other analyses that utilise ACT SZ
information Amodeo et al. (2021); Pandey et al. (2021).

To summarize, our analysis shows that a suppression of
power extending to large scales corresponding to wavenum-
bers of k ⇠ 0.2 hMpc�1 is required if the Planck ⇤CDM
cosmology is to be reconciled with cosmic shear. Such strong
feedback on large scales is not seen in most of the hydrody-
namic simulations shown in Fig. 6. If such extreme baryonic
feedback can be ruled out, then a non-linear solution to the
S8 tension would probably require new dark matter physics.

5 CONCLUSIONS

This paper is motivated by the substantial evidence from
galaxy lensing measurements that the parameter S8 has a
lower value than expected in the Planck ⇤CDM cosmology.
Noting that the signal-to-noise driving the cosmic shear con-
straints is dominated by non-linear scales, we have investi-
gated whether the Planck ⇤CDM cosmology can be rec-
onciled with these measurements by modifying the matter
power spectrum on non-linear scales, preserving all other
features of ⇤CDM. If this explanation is correct:

• growth rate measurements that are sensitive mainly to
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Lyman-alpha forest traces intergalactic medium around 
mean cosmic density
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Figure 18: 1D Ly↵ forest power spectrum for the analysis described in this paper. Error bars in-
clude statistics and systematics added in quadrature. The solid curves show the best-fit model when
considering Ly↵ data alone. The oscillations arise from Ly↵-Si III correlations, which occur at a
wavelength separation �� = 9.2 Å.

Table 6: Best-fit value and 68% confidence levels of the cosmological parameters of the model fitted
to the flux power spectrum. The dataset is split in several subsamples based on the spectral resolu-
tion, the SNR per pixel, the QSO catalog (DR9, post DR9), the spectrograph used and the Galactic
hemisphere (NGC, SGC).

Parameter Reference �� < 80 km s�1 SNR > 4 MJD < 55753 MJD > 55573
T0 (z=3) (103K) 10.3 ± 1.9 12.0 ± 2.0 11.7 ± 1.9 8.6 ± 2.4 11.4 ± 1.9
� 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1
�8 0.820 ± 0.021 0.826 ± 0.022 0.833 ± 0.020 0.850 ± 0.029 0.819 ± 0.021
ns 0.955 ± 0.005 0.957 ± 0.006 0.951 ± 0.008 0.945 ± 0.007 0.954 ± 0.006
⌦m 0.269 ± 0.009 0.270 ± 0.010 0.276 ± 0.012 0.280 ± 0.013. 0.271 ± 0.011
H0 (km s�1 Mpc�1) 67.1 ± 1.0 67.0 ± 1.0 67.2 ± 1.0 67.3 ± 1.0 67.0 ± 1.0

Spectro #1 Spectro #2 SGC NGC
T0 (z=3) (103K) 10.3 ± 1.9 11.2 ± 2.1 11.3 ± 3.1 10.2 ± 1.9
� 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
�8 0.826 ± 0.023 0.834 ± 0.023 0.794 ± 0.029 0.825 ± 0.02
ns 0.963 ± 0.006 0.939 ± 0.007 0.960 ± 0.011 0.956 ± 0.005
⌦m 0.262 ± 0.010 0.286 ± 0.014 0.263 ± 0.013. 0.271 ± 0.010
H0 (km s�1 Mpc�1) 66.9 ± 1.0 67.3 ± 1.0 67.2 ± 1.0 67.1 ± 1.0

– 27 –

eBOSS measures Lyman-α forest flux power spectrum 
for quasi-linear modes in matter epoch

Chabanier et al. (2019)
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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
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Figure 19: 2D confidence level contours in (�8, ns). The 68% and 95% confidence contours are
shown for eBOSS Ly↵ data with a Gaussian constraint H0 = 67.3 ± 1.0 km s�1 Mpc�1 (red), for the
Planck 2018 TT+lowE data (blue) and for the combination of Ly↵ and Planck 2018 (green). The
IGM thermal history follows an over-simplified model (cf. model description page 26).
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Figure 20: Constraints on the e↵ective slope ne↵ and amplitude �2
L of the linear power, measured at

kp = 0.009 (km/s)�1 and zp = 3 from Ly↵ data. The 68% and 95% confidence contours are obtained
for eBOSS Ly↵ data with a Gaussian constraint H0 = 67.3 ± 1.0 km s�1 Mpc�1.
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eBOSS Collaboration found consistency with Planck 
CMB

Chabanier et al. (2019); Palanque-Delabrouille et al. (2020)



Figure 1. Information compression applied to two extended-⇤CDM parameter spaces. For 100
randomly sampled points in the Planck chain, we plot the ratio of the z = 3 linear matter power
spectrum for each model with the baseline ⇤CDM best fit model [43]. In panel (a), we sample from
a chain with free ⌃m⌫ . In panel (b), for each of these models we rescale the amplitude and slope
of the linear matter power spectrum to match at kp = 0.7Mpc�1, shown in the vertical dashed line.
The colour of each line represents the value of ⌃m⌫ in that model. In the bottom panels we repeat
the procedure for a chain with free ⌦k. Panel (c) shows the ratio for 100 randomly chosen samples,
and in panel (d) we have rescaled the slope and amplitude to match at the vertical dashed line. The
vertical shaded area represents the length scales to which the P1D is sensitive in BOSS data [22], and
the horizontal gray band represents the region of 1% agreement.

by the CMB. In an EdS universe, the expansion rate evolves H(z) = ȧ/a / (1 + z)3/2, and
the growth factor evolves proportional to a. In particular, for the expansion history, there
is a 1.2% di↵erence in H(z = 2) between flat cosmologies with h = 0.67 and h = 0.74 at
fixed physical density !m = ⌦mh

2, which is the range of the current tension between early
and late universe constraints on H0 [52]. This di↵erence drops to 0.5% at z = 4 as we move
deeper into the EdS regime. Similarly, when we compare the logarithmic growth rates for
cosmologies with ⌦m = 0.25 and ⌦m = 0.35, we see a 2.1% di↵erence at z = 2 and a 0.4%
di↵erence at z = 4. We construct our emulator under the assumption that the relationship
between the matter power spectrum and the P1D is insensitive to these slight changes in
expansion history and growth rate, and we consider the results shown in sections 4 and 5 a
test of this assumption.

Figure 1 demonstrates why we consider just two parameters describing a slope and
an amplitude to be su�cient to parameterise the linear matter power spectrum within this
regime. In panel (a), we randomly sample 100 points from the Planck chains3 [43] with free
⌃m⌫ , and plot the ratio of the linear matter power spectrum at z = 3 with the baseline
⇤CDM best fit model, which we denote as P

best fit
lin . The colour of each line indicates the

neutrino mass value for each model. We see the expected behaviour where cosmologies with

3https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/Cosmological_Parameters.
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All the cosmological information in the eBOSS Lyman-
α forest compressed to two parameters

Pedersen, Font-Ribera, Rogers, et al. (JCAP, 2021)

Rescaled to same amplitude and tilt at kpivot = 1 h/Mpc, zpivot = 3



4.8σ tension 
between 

eBOSS Ly-αf & 
Planck CMB

Rogers & Poulin (2023, in prep.)
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Power spectrum running reduces tension 4.8σ to 0.9σ; 
ultra-light axions to 0.4σ

Rogers & Poulin (2023, in prep.)



Planck CMB + BAO + SNe + eBOSS Ly-α forest 
constraints on running and ULA DM

Rogers & Poulin (2023, in prep.)



Dark matter limits driven by new small-scale data
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Lyman-α forest: Rogers et al. (PRL, 2022; PRL, 2021); https://keirkwame.github.io/DM_limits

Multi-probe approach to detect ultra-light axions

Resolve LSS tensions?

35

https://keirkwame.github.io/DM_limits


Summary

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

• Ultra-light axions improve consistency between CMB/large-scale structure 

• Rubin and DESI data poised to disentangle DM effects and astrophysics
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