A unified two-fluid approach

Alex Soto
COSMO 26 - Leiden




80 orders of magnitude

1073eV 10722V eV keV GeV M, M, Mass
----- fomeennenad | i | — | -

DE Ultra-light DM “Light” DM WIMP g‘ﬁnp"me I Primordial BHs
Not DM acD Limit, Image from: E.G.M. Ferreira

axion thermal relic Astron Astrophys Rev 29, 7 (2021),
arXiv:2005.03254 [astro-ph.CO].

COSMO26 - Leiden 1



10733eV  107%2eV eV
..... I.-------------- |
DE Ultra-light DM |
Not DM DA

Image from: F. Chadha-Day, J.

Sci.Adv. 8 (2022) 8, abj3618
arXiv:2105.01406 [hep-ph].

Massive Bosons

\Integer spi) Ultralight

Bosons

Moduli &
Dilatons

Scalars
(spin\O, CP even)

Hidden photon

Vectors
(spin I)

Ellis and D.J.E. Marsh

COSMO26 - Leiden 2



80 orders of magnitude

1073eV 10722V eV keV GeV M, M Mass
----- paa- -~} | ' | — | -
DE Ultra-light DM “Light” DM WIMP gl‘if[npome Primordial BHs
Not DM Limit Image from: E.G.M. Ferreira
' thermal relic Astron Astrophys Rev 29, 7 (2021),
arXiv:2005.03254 [astro-ph.CO].

This sector only contains bosons. It has attracted attention solving CDM problems as:

» Missing satellites
» Cusp-Core problem
» Etc.
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De Broglie wavelength of order of galactic length scales Adas = m—z = 0.48kpc (T) (T/)

COSMO26 - Leiden 3



constral“ts 0“ “Itra Ilght dark matter |mage from: Wardana D. et al’

arXiv:2603.07175 [astro-ph.GA].
Constraints from dSphs & UFDs kinematics

Kinematios of 8 dSphs (This work) —— . PN
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Mass bounds typically on the simplest model:

2 0P K% o
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More physics In the hosonic picture

The simple way to extend the model is adding a self-interaction:

in%2 = 720 4 mV e+ g|0[°0

2m

V2V =4nGm|d|?

Some studies has been conducted considering this.

But this is not the only possible extra physics in bosons...
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Gold Atom Physics: Goherent and Incoherent modes
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" ‘zaremba-Nikuni-Griffin ('ZNG’):
Self-Consistent Gross-Pitaevskii
\Quantum Boltzmann Kinetic Mode
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Coexistence between a coherent and incoherent modes:

» Zaremba-Nikuni-Griffin (ZNG) Model

E. Zaremba, T. Nikuni and A. Griffin
J. Low Temp. Phys. 116, 277 (1999)

arXiv:cond-mat/9903029

» Stochastic Gross-Pitaevskii Model
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Gold Atom Physics: Goherent and Incoherent modes

This picture seems to be present in ultra-light bosonic models
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Image from: N. Proukakis, G. Rigopoulos and A.S,,
Phys. Rev. D 108 (8 2023), p. 083513
arXiv:2303.02049 [astro-ph.CO].

COSMO26 - Leiden 8



Cold Atom Physics: Quantum corrections - LHY

In Cold-Atoms is known that quantum fluctuations modify the energy beyond mean-field
approximation: the Lee-Huang-Yang correction.

This correction has been extensively studied in Dipolar Quantum Droplets:

h2V?

.h'= .
S 2m

+ 9wl + () +rar P | ¥ (r)

K\ 32 /ad 3 5
LHY term VQF = 591/ —° 1+ 5 €dd
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Cold Atom Physics: Quantum corrections - LHY

In Cold-Atoms is known that quantum fluctuations modify the energy beyond mean-field
approximation: the Lee-Huang-Yang correction.

This correction has been extensively studied in Dipolar Quantum Droplets:

I RAVA
2m

+ 9wl + () +rar P | ¥ (r)

R\ 32 /a3 3,
LHY term VQF = 591/ — 1+ 5 €dd

iy = |—

Important: The power of this correction depends on the kind of interaction

(we will see later that for gravity it is NOT the same as contact interaction)
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The model

> We use Schwinger-Keldysh formalism for a single spin-0 bosonic field ¢ that we split

p=2+p
A Y |
Low energy-momentum High energy-momentum
(Coherent) (Non-Coherent)

» The Nambu space allows the existence of LHY-like terms
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The model - Without LHY corrections

» lgnoring anomalous correlators, the equations for both components are:
.z 0P h2 ~
thm=—5=V?®+mV®+ g(|®|*+21)®
of . k 5 . ~
= T V[ =V(mV +2g9(|2[*+n))Vif=0

V2V =47Gm(|®|* + 1)

N. Proukakis, G. Rigopoulos and A.S.,
Higher order in the couplings adds extra phenomenology Zf){fv5:;3”0;39(8[:52?2);,553;’513

And arXiv:2407.08860 [astro-ph.CO]
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The model - Without LHY corrections

» Passing to hydrodynamical formulation with universe expansion:

5, + 2H3, +(4 SN anGpf + 2L )5 —(1—f)(47rGﬁ—2%’f)5m=0

Snc+2H5nC—(47er(1— f)—a2(29”‘1 f) 4 oep?P0 = 1P )k2)(5 _ f(47er—M)5c=o

m2

4 N

m: boson mass

f : condensate fraction

Parameters <.

g : self-interaction

Kh} : particle pressure (P = hsp5/ 3)/
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Linear Regime

Hybrid model looks like FDM of higher mass, and the model can have impact on the
existence of early structures depending on the choice of parameters
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N. Proukakis, G. Rigopoulos and A.S.,
Phys. Rev. D 110 (2 2024), p. 023504
ArXiv:2311.05280 [astro-ph.CO]
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The model - LHY corrections

» Let us to consider only coherent part with the correction only for gravity:

( (= 5/4. 11/ _
"o T Ve 3“(1 . g(()))c o[/
V2V = 47G mniot *
with
o =124 57 (”f( = )( =) o3

The power in the bosonic field is different than in pure contact interaction.

The question is how relevant could be this term.
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The model - LHY corrections

> If we neglect the gravitational LHY term and we consider only the contact
interaction LHY term:

92 — 72 4 mV @ + gnpor® + 2L 53D

VZV = 47ernt0t

If only g is relevant for the LHY term, keeping it as a free parameter
(not as in the axion cases) could be of impact.
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Summary and Comments

» The consideration of extra physics in bosonic dark matter modifies the parameter space and
we need to be careful with the bounds on ultra-light models.

» LHY term could be relevant only for the self-interaction coupling case but more work is
needed to determine the real impact.

Thanks
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