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Abstract: String theory suggests the existence of multiple axion species forming what is known as an "axiverse". The axions in this model are
thought to have logarithmically-distributed masses extending far below 10" -21} eV, leading to the presence of ultralight axions. The latter have
astrophysical de Broglie wavelength and affect the cosmic structures in which they cluster by erasing small-scale features. In contrast to other
ultralight or fuzzy dark matter models, the string axiverse allows for a mixed dark sector with a subdominant ultralight component. Trace amounts
of ultralight axions have been shown alleviate some observationa discrepancies in cosmology such as the missing satellite problem and the
Hubble-S8 tensions. Using an effective field theory approach and data from the Baryon Oscillation Spectroscopic Survey, we reach the strongest
constraints on the axion relic density for axions with masses below 10"{-25} €V. To study heavier axions, we develop a new algorithm capable of
simulating the formation of large-scale structure in the presence of more than one axion species. Making use of this code, we isolate new
observational features in the cosmic web which may help us detect the presence of a plenitude of axions with weak lensing surveys.
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Probing the String Axiverse with Galaxy Surveys

Alex Lagué
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The multiple components that compose our universe
Current composition (as the fractions evolve with time)
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ACDM Tensions
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Small-Scale Tensions

Bullock et al.
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Ultralight Axions, Fuzzy Dark Matter, ULDM, Wave DM, yDM...

Schwabe et al. (2020)
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m~ 10722 eV

Agg =— ~ 1 kpc
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The String Theory Axion

Axions In String Theory

String Axiverse

Peter Svréek

Department of Physics and SLAC, Stanford University, Stanford CA 94305/94309 USA Asimina Arvanitakia'!b’ Savas DimopoulOSC, Sergei Dubovskycvd,
and

Nemanja Kaloper®, and John March-Russell/
Edward Witten

Institute For Advanced Study, Princeton NJ 08540 USA

Multiple-axion framework Axionic Band Structure of the Cosmological Constant

Thomas C. Bachlechner,! Kate Eckerle,' Oliver Janssen,” and Matthew Kleban®? Thomas C. Bachlechner

N,. = 6(10) — 6(100)
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The String Axiverse
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Partially Ultralight DM

. 10% of 102 eV for H, tension (Blum & Teodori, 2021)
« 6% of 1072° eV for H,, + Sy tensions (with EDE) (Ye et al. 2021)
« 5% of 1072° eV for H, + Sy tensions (with DDE) (Allali et al. 2022)

1% of 107" eV for H, + Sg tensions (with KMIX) (Alexander et al. 2022)

Parameter Ma ~ 10728 eV mae ~ 10727 eV ma ~1072%eV  |ma~4x 107 %%eV
H, [km/s/Mpc] T (T02 )50 712 (7147 | 71.56 (70.99)T028 | 7L.0(70.9)735
Ss 0.812 (0. 812)+g 313 0.804 (0.797)79:91210.784 (0.789)12-2110.792 (0.783) 15917
Tension with SHyES 190 1.60 l4o 1.7e
Tension with Sg 260 210 1.2 1.6 0

Ko~ ¥ACBA -6.9 9.7 -17.9 -11.7
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Partially Ultralight DM

. 10% of 1072 eV for H, tension (Blum & Teodori, 2021)
« 6% of 1072° eV for H, + Sy tensions (with EDE) (Ye et al. 2021)
« 5% of 1072° eV for H, + Sy tensions (with DDE) (Allali et al. 2022)

1% of 107" eV for H, + Sg tensions (with KMIX) (Alexander et al. 2022)

Parameter Ma ~ 10728 eV mae ~ 10727 eV me ~1072°eV  |ma ~ 4 x 10726 eV
H, [km/s/Mpc] 0.7 (T0.2)" 1% 712 (7.4 17 | 7168 (70.99) 0o | 7L.0 (70.9)% 1
Ss 0.812 (0. 812)+g g}g 0.804 (0.797)79:91210.784 (0.789)12-291410.792 (0.783) 15917
Tension with SHoES 190 1.60 l4o 1.70
Tension with Sg 260 210 120 1.6 0
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How to Deal with Larger
Parameter Space?
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Projected

Constraints
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Ultralight Axions
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My = 10_26| eV

Scale-Mass Relation k [h/Mpc]
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Theory to Data

| BOSS

P lin, ax
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Theory to Data
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Galaxy Power Spectrum
via EFT of LSS
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Galaxy Power Spectrum
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Matter Galaxies

m, = 10720 eV

kP (k) [Mpc/h)?
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Simplified Model
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BOSS Data
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Constraints
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Constraints
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Constraints
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In prep.

Inclusion of P,, By, & validation with CLASS — PT
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Constraints
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Matter Galaxies

m, = 10720 eV

kP (k) [Mpc/h)?

005 010  0.15  0.20

k [h/Mpc]
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Qa / Qd Lagué et al. (2022)

Pirsa: 22080001 Page 40/63



Constraints
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In prep.

Inclusion of P,, By & validation with CLASS — PT
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Theory to Data
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The Halo Model
Pyy, = Py, + Py,
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The Halo Model

Py = Py, + Py,
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Py = Py, + Py,
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The Halo Model with (100%) ULAs
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DES and Fuzzy Dark Matter

m>10"%eV (95% C.L.)
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The Halo Model with (100%) ULAs
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DES and Fuzzy Dark Matter

m>10"%2eV (95% C.L))
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Mixed Dark Matter Simulations
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CDM
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Lagué et al. (in prep.)
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Mixed Dark Matter Simulations

100% CDM 50% - 50% 100% ULA

Lagué et al. (in prep.)
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NL Power Spectra
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Halo Density Profiles
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Halo Density Profiles

100% ULA
density profile
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Halo Density Profiles
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Halo Density Profiles

100% ULA
density profile
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Small-Scale Tensions vs Mixed DM

Core-Cusp: depends on fraction and baryons

Missing Satellites: sub-halos suppressed at low fraction

Rotation Curve Diversity: depends on distribution of ULAs
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Summary

The Axiverse and its many axions
Sub-dominant ultralight DM

Extra motivation from cosmological tensions
Improved modelling on semi-linear scales
Strong constraints from galaxy and lensing surveys
New simulation tools
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