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Large Scale Success of CDM

¢ CMB
¢ Matter power spectra
¢ Expansion history of the universe



® Baryonic Tully Fischer Relation

McGaugh (2015)
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MOND (a brief introduction)
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CDM with
Feedback

Stellar evolution
Black Holes
AGN feedback

Supernovae

Three Approaches

Modified gravity

Bekenstein and Milgrom (1984)
Zlosnik et al. (2007)
Hossenfelder (2017)

Verlinde (2017)

* ¥ ¥ %

Hybrid
approach

Blanchet (2007)
Zhao (2008)

Ho et al. (2008)
This work!



Motivation For Superfluid DM from MOND
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Condensate Properties
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Predomiant 3-body interactions

Different from other BEC DM approaches with P, =< p. |
Sin (1994), Goodman (2000), Peebles (2000), Boehmer and Harko (2007)



Bose Gas with 3-Body Contact Interactions

; h’V? 1 ; ;
H — UN = j d’x w*(x)[— -~ jl//(x)—uwf(x)t/f(xﬂgh(t//*(x)) (W (x))

First study in detail a Bose gas with 2 body contact interactions
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Bose Einstein Condensation at T =0
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y(x)=Y(x)+y, (x)

At T=0, v,(x)=0 j W (x) |2:§




Bose Einstein Condensation at Finite T

n’v?
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H'= H-UN= J d%{w*(x)(— jw(x)—ul/f*(x)t/f(x)+Eg(t/f*(x))z(t/f(x))2
% Evaluate the Hamiltonian order by order in the normal field.
% Linear term vanishes (similar to the one loop calculation in QFT).

[ &x(w) ()P @) +y, (0¥ (x))=0.
% Fourier transform the field to Ladder operators: W, (x)—> a,.a;,
% Diagonalize the resulting Hamiltonian.
* Find the energy spectrum in terms of momenta.
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Finite T analysis continues
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Hohenberg-Martin Dilemma
(1965)

Solution can either be made to obey the
equation of motion or be gapless

$ $

JH'\ _ lime, =0
<8No >_O k—0 X

Analogous to the problem in QFT for one loop
correction to the effective potential of a

scalar field

Fujimoto et al. Weinberg and Wu Hawking and Moss Cahill
(1983) (1987) (1983) (1995)



Resolution!

Yukalov (2006)

Separate chemical potentials for the two phases,
since the particles in each phase are conserved
for a given T, V, N.

> Equation of Motion
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Gapless Spectra
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Well Behaved Equation
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(a) Pressure versus density

Comparison with
Slepian and
Goodman (2011)
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(b) Pressure versus temperature



Density profiles
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% Cored density profiles.
* In MW sized galaxies, the superfluid core —> MOND
% For Galaxy clusters and larger scales, DM described by CDM



