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Find dark matter by only known interaction — gravity 
— trace DM by CMB, galaxies and intergalactic gas

Planck Collaboration; Illustris simulation2
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How improve consistency between 
CMB and LSS?



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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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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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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Axions lower S8
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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)
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Sloan Digital Sky Survey maps galaxies and 
intergalactic gas towards edge of observable Universe
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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)

0.
60

0.
75h

0.
01

5

0.
03

0

≠
b
h

2

0.
08

0.
16

≠
ch

2

1.
2

1.
8

2.
4

A
s

0.
8

1.
0

n
s

0.
30

0.
35

≠
m

0.
05

0.
10

≠ah2

0.
60

0.
75S

8

0.
60

0.
75

h
0.
01

5
0.
03

0

≠bh2

0.
08

0.
16

≠ch2

1.
2

1.
8

2.
4

As

0.
8

1.
0

ns
0.
30

0.
35

≠m

0.
60

0.
75

S8

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)

0.
60

0.
75h

0.
01

5

0.
03

0

≠
b
h

2

0.
08

0.
16

≠
ch

2

1.
2

1.
8

2.
4

A
s

0.
8

1.
0

n
s

0.
30

0.
35

≠
m

0.
05

0.
10

≠ah2

0.
60

0.
75S

8

0.
60

0.
75

h
0.
01

5
0.
03

0

≠bh2

0.
08

0.
16

≠ch2

1.
2

1.
8

2.
4

As

0.
8

1.
0

ns
0.
30

0.
35

≠m

0.
60

0.
75

S8

m = 10-25 eV

BOSS galaxy power spectrum (§CDM)
BOSS galaxy power spectrum + bispectrum (§CDM)
Planck cosmic microwave background (§CDM)

0.0
2

0.0
3

≠
b
h

2

0.1
2

0.1
8

≠
ch

2

1.2
1.8
2.4

A
s

0.8
1.0n

s

0.3
0

0.3
5

≠
m

0.6
0

0.7
5

h

0.6
0

0.7
5

0.9
0

S
8

0.0
2

0.0
3

≠bh2
0.1

2
0.1

8

≠ch2

1.2 1.8 2.4

As

0.8 1.0

ns
0.3

0
0.3

5

≠m

0.6
0

0.7
5

0.9
0

S8

BOSS galaxy power spectrum (§CDM)
BOSS galaxy power spectrum + bispectrum (§CDM)
Planck cosmic microwave background (§CDM)

0.0
2

0.0
3

≠
b
h

2

0.1
2

0.1
8

≠
ch

2

1.2
1.8
2.4

A
s

0.8
1.0n

s

0.3
0

0.3
5

≠
m

0.6
0

0.7
5

h

0.6
0

0.7
5

0.9
0

S
8

0.0
2

0.0
3

≠bh2
0.1

2
0.1

8

≠ch2

1.2 1.8 2.4

As

0.8 1.0

ns
0.3

0
0.3

5

≠m

0.6
0

0.7
5

0.9
0

S8

ΛCDM

12



Strongest axion limits come from combining 
cosmic microwave background & galaxy clustering
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5! TENSION BETWEEN PLANCK CMB 
AND EBOSS LYMAN-" FOREST AND 

CONSTRAINTS ON PHYSICS BEYOND ΛCDM

arXiv: 2311.16377
with Vivian Poulin
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Lyman-alpha forest traces intergalactic medium around 
mean cosmic density

15



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

Figure: 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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4.9σ tension 
between 

eBOSS Ly-αf & 
Planck CMB

Rogers & Poulin (arXiv: 2311.16377)
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Planck CMB + BAO + SNe + eBOSS Lyman-α forest 
constraints on running and ultra-light axion DM

Rogers & Poulin (arXiv: 2311.16377)



Traditional “small-scale crisis” axion ruled out — 
but axiverse compatible with data
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Improve bound by 
order of magnitude
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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

Improve consistency between CMB & LSS
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https://keirkwame.github.io/DM_limits


Summary

• Joint analysis of CMB & large-scale structure strengthens axion sensitivity

• 5σ tension between CMB & Ly-αf alleviated by small-scale suppression 

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