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DM mass landscape
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Wave DM is composed of bosons

Structure is suppressed within de Broglie wavelength
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VDM production mechanism

(itajima & Nakayama (2023)  <=_Misalignment mechanism > .

Nakayama (2019).

Graham, et al. (2016);
Kolb & Long (2021).

Agrawal, et al. (2020);
Co, et al. (2019);

Bastero-Gil, et al. (2019).

Long & Wang (2019)

Nonminimal coupling

is needed Other motivations for nonminimal couplings:

» Effective theory

-> Fixed polarization in cosmological scales * Rich phenomenology

* Gravitational particle production
-> Natural avoidance of isocurvature constraints

 Scalar-vector oscillation
-> Stealing energy from axions/inflaton

* Decay of topological defects

-> Longitudinal modes are preferred at the production, o

but the subsequent evolution is complicated

For thermal freeze-out and freeze-in, see Barman, et al. (2022).

Renormalization of gravity



Theory
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Nonrelativistic EFT

Higher-dimension operators,
suppressed by powers of XQ/ME)
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Wave description: Schroedinger-Poisson-Friedmann (SPF) equations

Fluid description: Continuity-Euler-Friedmann equations



Nonrelativistic EFT

Vector field equations + Einstein equations
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Wave description

Effective action:

Multicomponent
SPF equations:

S = f(14:r; [J-Il%a (—3(},-2 + VAP — 6aad)

1 | S
+ —a?my — V| +ih - + (V2) - " — m®|ap|?
2 azm 2a<m
QM 261 (V2D + 3a° + 3ai) + &(V2O + 24° + ad)] | x [1 + O(e)]
asm
% 2 V2o
1000 = 5,3 i + mPNY; = 2mPer); — (21 ;éQ) gq.,,,_ ,
- ma (%, + 55T ma Effective self-interactions
SOy =47G(p—p), Be= 2 %’ Ty, B =Dy + g
a m
8t
H? = ;3 0, :—m\;b| —sz,

Energy density for each field component



Fluid description
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Phenomenology
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Mass-radius relation of polarized vector solitons

Growth of linear perturbations
Phenomenology —

Correction to the GW speed




Mass-radius relation of vector solitons

Ground-state vector solitons
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Growth of linear perturbations

Wave DM
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Constraints on GW speed
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Summary

— Nonrelativistic EFT: wave and fluid description

 Mass-radius relation of vector solitons

Phenomenology of

nonminimally coupled —< , =
wave VDM impact small-scale structure Small-scale perturbations can be boosted

than wave DM

Nonminimal couplings can

—

Nonminimal couplings can affect GW speed

Constraint on &l ¢
nonminimal couplings B« 10%ev=2, =3 x 10%%V 2 < 22 <8 x 10%8eV 2
m m
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