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Beyond the WIMP: dark matter model space
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Canonical ULA DM: Rogers & Peiris (2021, PRL); Light particle DM: Rogers et al. (2022, PRL)



String axiverse predicts
mixed cold + ultra-light axion dark matter
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Larger
scales

Smaller
scales

* CMB Planck TT,TE,EE+lowE (()) '83; - Aghanim et al. (2020d)
* CMB Planck TT,TE,EE+lowE+lensing ",  Aghanim et al. (2020d)
*CMB ACT+WMAP - Aiola et al. (2020)

Early Universe

Late Universe

0.759
* WL KiDS-1000 0755 - Asgari et al. (2021)
* WL KiDS+VIKING+DES-Y1 0962 - Asgari et al. (2020)
* WL KiDS+VIKING+DES-Y1 0716 - Joudaki et al. (2020)
* WL KiDS+VIKING-450 737 - Wright et al. (2020)
* WL KiDS+VIKING—-450 0651 - Hildebrandt et al. (2020)
* WL KiDS-450 0.745 - Kohlinger et al. (2017)
* WL KiDS-450 750 - Hildebrandt et al. (2017)
* WL DES-Y3 732 - Amon et al. and Secco et al. (2021)
* WL DES-Y1 204 - Troxel et al. (2018)
* WL HSC-TPCF 078 - Hamana et al. (2020)
* WL HSC—pseudo—C; 0.7|4—°—| - Hikage et al. (2019)
* WL CFHTLenS —0—i - Joudaki et al. (2017)
0.795
* WL+GC HSC+BOSS 07781  Miyatake et al. (2022)
* WL+GC+CMBL KiDS+DES+eBOSS+Planck 0.7?6 - Garcia—Garcia et al. (2021)
* WL+GC KiDS-1000 3x2pt 0.74 * Heymans et al. (2021)
* WL+GC KiDS-450 3x2pt 0776 - Joudaki et al. (2018)
* WL+GC DES-Y3 3x2pt 0'.'%'3' - Abbott et al. (2021)
* WL+GC DES-Y1 3x2pt 0728 - Abbott et al. (2018d)
* WL+GC KiDS+VIKING-450+BOSS —0— 08 - Troster et al. (2020)
* WL+GC KiDS+GAMA 3x2pt - van Uitert et al. (2018)
0.751
* GC BOSS DR12 bispectrum 0%0—' - Philcox et al. (2021)
* GC BOSS+eBOSS '_873_6' - Ivanov et al. (2021)
* GC BOSS power spectra '7739_|  Chen et al. (2021)
* GC BOSS DR12 670 - Troster et al. (2020)
* GC BOSS galaxy power spectrum '—00—73' - Ivanov et al. (2020)
* GC+CMBL DELS+Planck '—0—'0.784 - White et al. (2022)
* GC+CMBL unWISE+Planck HOH - Krolewski et al. (2021)
0.78
* CC AMICO KiDS-DR3 065 - Lesci et al. (2021)
*CC DES-Y1 0.79 - Abbott et al. (2020d)
* CC SDSS-DRS8 0831 - Costanzi et al. (2019)
* CC XMM-XXL 077 - Pacaud et al. (2018)
* CC ROSAT (WtG) - Mantz et al. (2015)
0.749
* CC SPT tSZ 0785 * Bocquet et al. (2019)
* CC Planck tSZ %53 - Salvati et al. (2018)
* CC Planck tSZ —0— - Ade et al. (2016d)
0.7 _
*RSD '—0—'0_747 " Benisty (2021)
*RSD —0— - Kazantzidis and Perivolaropoulos (2018)
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Sg ~ variance of matter clustering at 8 Mpc
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Abdalla et al. (Snowmass 2022)

Ss

tension



3Kh Dunlap Institute for
Astronomy & Astrophysics

(BS) |BS)

) UNIVERSITY OF TORONTO

ULTRA-LIGHT AXION DARK MATTER
& IMPLICATIONS FOR THE Sg TENSION

with Hlozek, Lagué, Bond, Marsh, Grin, Dentler,
Philcox, Ivanov, Cabass, Akitsu



Ultra-light axion dark matter causes
scale-dependent suppression in matter clustering
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Ldgue, Bond, Hlozek, Rogers, Marsh, Grin (2022)



Model galaxy clustering into mildly non-linear regime
with effective field theory of large-scale structure

Po(k) = PR(k) + P} 7P (k) + PLo () + PS b (k)

T T T T

Linear theory Perturbation Ultraviolet Stochastic

(Kaiser model) theory counterterms  (shot noise/RSD)
o¢C PLinear(k) oC 2 PLinear(k) oC 2 PLinear(k)

+ Infrared resummation
+ Alcock-Paczynski distortion

Rogers, Hlozek, et al. (in prep); Philcox & Ivanov (2022)



Galaxy clustering traces dark matter clustering
— revealing signature of ultra-light axions

m, = 107V eV m, = 1072 eV m, = 10720 eV

(@
=" 1800-
~—

2. 1600- :
.Z. /\‘\
§1400‘ .
AZ 1200 - —

N

< 600

~—

(@)

3 i
2400_ : I - \
< —

E \%

200 1 : :
005 010 015  0.20 005 010 015  0.20 005 010 015  0.20
k [h/Mpd k [h/Mpd k [h/Mpd
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Qa/Qd

Ldgue, Bond, Hlozek, Rogers, Marsh, Grin (2022)



Strong bound on axions from CMB + galaxy clustering
— higher masses still viable
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Ldgue, Bond, Hlozek, Rogers, Marsh, Grin (2022)
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Planck184+ACT+SPT+BAO+JLA (LCDM)

KiDS-BOSS-2dFLenS (3x2; LCDM)

CMB + BAO + SNe + axion DM
compatible with low Sg

m = 10"%°eV
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Rogers, Hlozek, et al. (in prep)



Galaxy clustering strengthens axion bounds
and explores new mass regime

Solid = LCDM; Dotted = 75% m_axion = 25; z = 0.61

— PO
1750 A — P2
—— P4
1500 A — QO
5 1250 -
: _ —25
2 1000 m = 10"“’eV
%: 750 - Solid = LCDM; Dotted = 75% m_axion = 25; z = 0.61
~ —— BO
500 - =
1,:\ 50 -
250 A .g
s A\ L
) [ —— . - y
0.(')0 0.65 O.i'I.O O.iS 0.120 0.I25 0.'30 0.535 0.210 16
k (h/Mpc) ™ 30
T T il
: 20 -
|
. Reconstructed * :
Redshift-space ealospace ! w0l Bispectrum
multipoles P : monopole
power spectrum ' | | | | | |
0 10 20 30 40 50 60

Triangle index

Rogers, Hlozek, et al. (in prep); Philcox & Ivanov (2022)



BOSS galaxy multipoles (m = 25)

Planck18 (T+P+lens; m = 25)

BOSS galaxy multipoles + Planckl8 (m = 25)

PN
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Rogers, Hlozek, et al. (in prep)



P(Log(my))

Joint CMB & galaxy weak lensing bounds
using axion dark matter halo model
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Multi-probe approach to detect ultra-light axions
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