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The dark matter problem

Galactic rotation curves CMB anisotropies

e e e s e
NGC 6503

150

30 —20 -100 0 100 200 300
Kt

30

10 20
Redius (ipe) Planck Collaboration 2015
Begeman+ 1991

I . Success of ACDM
Gravitational lensing

Dark Matter

Dark Energy

Y o
Galaxy Cluster Abell 2218 HST + WFPC2|
NASA, A Fi PR

Cdit: NASA/ESA Credit: ESA /Planck



Phase-space distribution of DM & theoretical
uncertainties for direct and indirect searches

. Speed-dependent annihilation
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Primordial black holes

o Gravitational microlensing event rates (EROS, MACHO)
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@ Merger rates (gravitational waves)

+ DM subhalos (test masses), disruption of stellar binaries
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Standard approaches 1: "Standard halo model"

Standard halo model (SHM)

Maxwell-Boltzmann distribution

Oversimplification

@ Isothermal sphere
o Infinite system

@ Ad hoc truncation at Uesc




Standard approaches 2: direct fits to simulations
General insight But insufficient approach

Generic features found in @ Extrapolations based on fits
simulations (e.g., cusp/cores) at 8 kpc

@ Peak speed free parameter
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Self-consistent approach required

o Eddington-like methods: next-to-minimal approach

@ Method applied blindly to direct searches so far
— Timely to study validity range in detail




Phase space of dark matter from first principles

Phase-space distribution f(7,7): closed Vlasov-Poisson system

@ Vlasov equation, steady state (equilibrium model)

L of 0P 9
= Z-F L0
— Jeans’ theorem: f = f(I3,...,Iy) where {I;, H} =0
@ Poisson equation
A® = 47Gp with p = / £(3,7)d%

Eddington’s inversion formula (Eddington 1916)
Isotropic system + spherical symmetry: f(7,r) = f(&)
with € = ¥(r) — % and ¥(r) = ®(Rmax) — O(r)
o= [ (%) [ 2]
VB2 |VENAY Jy_g  Jo d¥? /E-F

+ anisotropic extensions 6




Theoretical consistency and radial boundary

Imposing a radial boundary

o Finite system (Rmax) = divergence of f(7,7) at vesc (from 1/ VE)
@ Tesc crucial (direct DM searches at low masses, stellar surveys)

@ Regularization: modified profile or energy cutoff (King)
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Theoretical consistency: instabilities

Lacroix, Stref& Lavalle (2018)

McMillan mass models -- DM
—n By =(1,3, | — DM + baryons
Validity range of the method : 5025 \—‘

@ Standard criterion:

? 10° L !
f 2 0 g 102} fomax = 500 kpe
@ Antonov instabilities for s
© 10°
some DM-baryon =
configurations

@ Stable solutiozn if
df dp

Doremus+ 1971, Kandrup &
Sygnet 1985

-- DM
— DM + baryons

@ Select mass models

Ry = 500 kpe

Lacroix+ 2018
For anisotropic systems criteria
against radial perturbations only ,
Doremus+ 1973 b f e e .
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Actual predictivity of Eddington’s formalism?
Tests with cosmological simulations

@ 2 sets of simulations
Mollitor+ 2015
Mpy = 2.3 x 10° M, Hsml = 150 pc o
Nufez+ 2019, in prep.
Mpy = 1.9 x 10° Mg, Hsml = 35 pc
@ 20 Mpc boxes + zoom-in

@ DM-only + hydro

o(r) M., kpe =]
5

Procedure

5

@ Fit mass model from simulation
= ppMm, P8, ¥ = Ypm + ¥
@ Input for Eddington’s method sofooo-

o Comparison with simulation 0

outputs ”f*l’S‘ .
Lacroix+ 2019, in prep.
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Moments of the speed distribution
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Moments of the relative speed distribution
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Ergodic phase-space distribution

Reconstruction from 2D bins ij in phase space (r;, v))
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Summary
Eddington’s inversion method

@ A few physical assumptions, moderate level of technicalities
@ Self-consistent solution of Vlasov-Poisson system

@ Mass model direct input

@ Better control astrophysical uncertainties for DM searches

@ Readily applicable to variety of objects

Self-consistency: theoretical validity range

@ Radial boundary (direct searches)
@ Positive DF + stability

Actual predictivity?

o Testing the method against cosmological simulations
@ Not direct fits!!!

e Eddington method gives a predictivity at O(10%)
Lacroix+ 2019, in prep.




Thank you for your attention!
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Application: constraints on sub-GeV DM from
cosmic positrons - p-wave annihilation

p-wave annihilation

oo = Ul 'U% = <O'U> = <(TZ)> (1’) , Boudaud, luu/v/m.\ Stref and Lavalle (2018)

(00)(r) = oy / Bord0, f,(71) f,(32) 02
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= g (o0) [P =

@ Very strong e constraints

o) ¢ [em

@ Justifies focusing on Eddington’s

methods
. . 10-* —— Propagation A
@ Robust w.r.t. uncertainties on o . . .  Propagation B
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Boudaud+ 2018



Phase-space distribution - DM only

Reconstruction from 2D bins ij in phase space (r;, v))
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Speed distribution f,(v,r

r=3kpc
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Speed distribution f,(v,r
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d3p/d¥3 [dimensionless]
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Self-consistent predictions for indirect DM searches

Prototypical case: p-wave annihilation

(o0) (r) o (v?)
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Proper treatment critical for self-consistency

Removing divergence by hand
= approach no longer self-consistent (Poisson)
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Boudaud, Lacroix, Stref and Lavalle (2018)
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Boudaud, Lacroix, Stref and Lavalle (2018)
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Actual predictivity of Eddington’s formalism?

Tests with cosmological simulations

Comparison of theoretical predictions with simulation outputs

@ Speed distribution f, (v, )
® Moments of the velocity distribution (¢v") (r) = [d300"f;(3,7)

@ Moments of the relative velocity distribution

<U:.lel / d Orel & rel(vrelr ) Orel

where

t(Tr, 7 /d Ve f5(01,7) f5(02, 7)
@ Full ergodic phase-space distribution f (&)

@ Not fits to simulation results

e Simulations only used to test theoretical predictions

29



Impact on predictions for direct DM searches

Event rate proportional to

f5,6(©)
U(Umin) :/ o d’v
Umnin SOV +Vesc 4

101 Lacroix, Stref & Lavalle (2018)
Standard halo model (R, = 500 kpc)
1072 -- sharp truncation
[ — smooth truncation

Isotropic speed distribution (R, = 500 kpe)
— divergence removed
— flattened density
— Ry —
King model with & = V(R.x)
King model with ¥ (Ry) =0

0 100 200 300 400 500
Unin [k /s]

Lacroix+ 2018
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