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Introduction

Data from The HI Nearby Galaxy Survey (THINGS), Low Surface Brightness (LSB) galaxies, Galaxy

clusters:

Anomaly:

Y Cross section is dependent on velocity

Y Cold Dark Matter model is collisionless

Need a model:

Y Can fit galaxy data from small scale to large scale

Y Easy computation of relic density

Modelwith a dark photon and a dark fermion

Stueckelberg U(1) extension to the Standard Model:
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Y Cµ, Bµ: gauge field of U(1)X and U(1)Y
Y D: Dirac fermion, only charged under U(1)X
Y δ: kinetic mixing parameter

Y M1, M2: Stueckelberg masses.

Y σ: axion field which gives mass to Cµ

Mass eigenstates: the photon (γ), the Z boson, and massive γ′.

Evolution of two temperature universe

In our model, only the total entropy is conserved, including both the hidden sector and the

visible sector:
d

dt
(sR3) = 0 (1)

where s = sh + sv.
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The Hubble parameter also depends on both T and Th as can be seen from the Friedman

equation,

H2 = 8πGN

3
(ρv(T ) + ρh(Th)), (3)
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where T = ηTh, ζ = 3
4(1 + p/ρ). Here ζ = 1 is for the radiation dominated era and ζ = 3/4 for

the matter dominated universe. jh is defined by

dρh

dt
+ 3H(ρh + ph) = jh, (7)

Y Left side: Evolution of ξ = Th/T as a function of T for different initial conditions.

Y Right side: Showing the evolution of the dark sector

Evolution history:

Y D, γ′ is produced via freeze-in
Y D becomes abundant, DD̄ ↔ γ′γ′ becomes important
Y Freeze out in dark sector. D decouples from γ′

Y īi → γ′ remains efficient, causes increase in γ′

Y γ′ decays before BBN

Galaxy fit and experimental constraints

Y Left side: Galaxy fit of our model constraining mγ′ = (1 − 5) MeV, mD = (1 − 4) GeV
Y Right side: Experimental constraints from CHARM, E137, DarkSide-50 etc.

Benchmarks

Model mD (GeV) M1 (MeV) gX δ(10−9)
(a) 1.50 1.20 0.016 28
(b) 2.0 1.22 0.014 4.0
(c) 2.16 1.13 0.015 4.7
(d) 3.2 1.77 0.018 3.8
(e) 3.26 1.99 0.018 3.5
(f) 4.0 2.20 0.020 3.6

Model σ/mD (cm2/g) Ωh2 Γγ′→e+e− (GeV) τ (ms)

(a) 2.48 0.1215 1.4 × 10−21 0.49

(b) 1.97 0.1233 2.9 × 10−23 22.7

(c) 3.69 0.1218 3.0 × 10−23 21.8

(d) 1.79 0.1191 4.9 × 10−23 13.4

(e) 1.24 0.1185 4.8 × 10−23 13.8

(f) 1.43 0.1229 5.6 × 10−23 11.7

Conclusion

Y The SIDM model with a hidden sector dark fermion and a dark photon with mass ranges

mγ′ = (1 − 5) MeV, mD = (1 − 4) GeV

fits data on σv from galaxy scales to galaxy clusters.

Y All relevant constraints on mγ′, mD, δ are satisfied.

Y We developed a new formalism solving Boltzmann equations with two temperatures.

Y The velocity dependence of the cross sections within this model points to the existence of a

dark fifth force and thus further data will help confirm the existence of such a force.
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