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Schrödinger-Poisson system

Self-interacting scalar field dark matter

Self-interactions (SI):

The equations of motion of the nonrelativistic complex scalar field:

Action:

Gravity:

SI : 

strength of the repulsive SI
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A slice of density field of ψDM simulation on various scales at z=0.1

Schive, Chiueh, and Broadhurst (2014)
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Soliton

Soliton: Hydrostatic equilibrium

In this approximation, the soliton density profile : 

In this work we focus on the Thomas-Fermi regime: ≪ Soliton  TF limit

ra sets Jeans length ! 

Introduction          Flat halo          Cuspy halo          Conclusion

We consider the semi-classical limit, where λdB is smaller than both the core and halo radii. 
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Initial 𝝍𝒉𝒂𝒍𝒐 and WKB approximation

Introduction          Flat halo          Cuspy halo          Conclusion

Objective: To build a target radial halo density profile with random initial conditions.

1. We choose the target density profile and we compute f(E) 

2.    We determine the eigenmode coefficients a(E) with f(E) 

3.    We get the initial halo wavefunction !

Eigenmodes of the Schrödinger equation 
in the presence of the Φ!due to the halo.
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Halo with a flat-core density profile
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1. Large soliton , Rsol = 0.5 : ra of the order of the system

2. Small soliton , Rsol = 0.1 : ra much smaller than  system

Ø Cases of study:
Reminder: 
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1. Large soliton , Rsol = 0.5 : ra of the order of the system

2. Small soliton , Rsol = 0.1 : ra much smaller than the system

Ø Cases of study:

Ø System: halo + soliton

• Halo with a flat-cored density profile:  𝝆𝒉~𝟏 in 𝑹𝒉 = 𝟏 : 

à Halo: gravity is balanced by the velocity dispersion, 
as for collisionless particles !

• Soliton density profile: 

àSoliton: gravity is balanced self-interactions !

Reminder: 
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I) Flat halo with ra of the order of the system

Introduction Flat halo Cuspy halo          Conclusion
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Potential at t=150𝝆𝒎𝒂𝒙 , 𝑬𝑲, 𝑬𝑰, 𝑬𝑵

Density slice 2D (x,y) at z=rmax, (𝝆𝒎𝒂𝒙)

• At t ~ 8, the soliton is formed with Rsol = 0.5 and contains about 40% of the total mass.
• The system reaches a quasi-stationary state.
• Afterwards, 𝜌#$% and the energies only show a slow evolution.
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II) Flat halo with ra much smaller than  system
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Density slice 2D (x,y) at z=rmax, (𝝆𝒎𝒂𝒙)

𝝆𝒎𝒂𝒙, EK, EN, EI Potential at t=250Potential at t=180
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Transition from a FDM phase
to a self-interacting phase.

• By t ∼ 100, the halo relaxes to a quasi-stationary state.
• At t ~180, FDM peak.
• At t ~ 200, self-interacting soliton forms, Rsol = 0.1 .



Halo with a cuspy density profile
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Halo with a cuspy density profile

Introduction Flat halo          Cuspy halo  Conclusion
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1. Large soliton , Rsol = 0.5 : scale of the interactions ra of the order of the system

2. Small soliton , Rsol = 0.1 : scale of the interactions ra much smaller than the system

Ø Cases of study:

Ø System: halo + soliton

• Halo with a cuspy density, 𝑹𝒉 = 𝟏 : 

• Soliton density profile: 

Reminder: 
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II) Cuspy halo with ra of the order of the system

Introduction Flat halo          Cuspy halo          Conclusion
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Density slice 2D (x,y) at z=rmax, (𝝆𝒎𝒂𝒙)

• At t ~ 4, the soliton forms and contains about 33% of the total mass.
• The relaxation depletes and diffuses the halo.
• Central region: self-interacting soliton & high-density spikes far from hydrostatic eq. 
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𝝆𝒎𝒂𝒙, EK, EN, EI Potential at t=130

Density at t=0 Density at t=130 
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II) Cuspy halo with ra much smaller than  system

Introduction Flat halo          Cuspy halo          Conclusion
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Density slice 2D (x,y) at z=rmax, (𝝆𝒎𝒂𝒙)

• At t~2, formation of the central soliton
• No narrow density spikes, supported by the quantum pressure, inside this soliton.
• The hierarchy of scales: ra = 50 λdB
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Kinetic theory and soliton growth rate

PONT conference

• We developed a kinetic theory to follow the evolution with time of the system for
arbitrary profile.

• Soliton growth rate: Simple ansatz for the halo excited modes, assuming that they
keep their initial occupation numbers, except for the low-energy levels to build the
soliton.

Introduction Flat halo          Cuspy halo          Conclusion
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Soliton growth rate for a cuspy halo

PONT conference

Growth with time of the soliton Msol(t) Growth rate as a function of Msol

• The soliton always grows, with a growth rate
that decreases with time.

• The numerical simulations suggest that the
central soliton can slowly grow until it makes a
large fraction of the total mass of the system, of
the order of 40%.

• There is no clear sign of a scaling regime, as the
growth rate still depends on the initial conditions
at late times.

• Our ansatz underestimate Γsol, which remains
positive but steadily decreasing in the numerical
simulations.

Introduction Flat halo          Cuspy halo          Conclusion



Conclusion
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Take-home messages

PONT conference

Introduction          Flat halo          Cuspy halo          Conclusions

• Flat and cuspy halo: soliton quickly forms and contains 30 − 40% of the total mass. 

• Cuspy halo: a few narrow and very high-density spikes survive and wander inside the 
large central soliton. 

1. Large soliton, Rsol = 0.5: interactions ra of the order of the system
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2.   Small soliton, Rsol = 0.1: interactions ra much smaller than the system

• Flat halo: long time for the soliton formation, until the small-scale spikes grow and 
reach densities that are high enough to trigger the self-interactions.

• Cuspy halo: Fast formation of the soliton supported by SI.
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Introduction          Flat halo          Cuspy halo          Conclusion

• Flat and cuspy halo: soliton quickly forms and contains 30 − 40% of the total mass. 

• Cuspy halo: a few narrow and very high-density spikes survive and wander inside the 
large central soliton. 

1. Large soliton, Rsol = 0.5: interactions ra of the order of the system

2.   Small soliton, Rsol = 0.1: interactions ra much smaller than the system

• Flat halo: long time for the soliton formation, until the small-scale spikes grow and 
reach densities that are high enough to trigger the self-interactions.

• Cuspy halo: Fast formation of the soliton supported by SI.

3.   Kinetic theory

• We need to go beyond and follow the simultaneous evolution of all occupation 
numbers.

• The soliton mass depends on the past history and can make up a significant fraction of 
the total mass. 
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