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Introduction

Phase-space distribution functions (PSDFs) of DM halos

Interesting from several perspectives:
@ Structure of collisionsless self-gravitating systems
@ Galactic dynamics

e DM searches (direct & indirect detection, microlensing, ...)

Test the predictions of axisymmetric inversion method on
high-resolution hydrodynamical simulations:

@ Extract p(R,z), V(R,z) and V4(R) from simulations
@ Compute PSDFs using the axisymmetric inversion method
© Compare the predicted PSDFs with simulation

Follow-up study of: Lacroix et al., JCAP 10 (2020) 031
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Introduction

Axisymmetric inversion method

Assume that the phase-space distribution parameterized by two

integrals of motion:
. 2
@ Relative energy: £ =V(r) — %
@ Angular momentum around z-axis: L, = R - vy
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Hunter C. & Qian E.: MNRAS262, 401 (1993) ; https://github.com/mpetac/AIM
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distribution

Hydrodynamical simulations

High-resolution hydro simulations: Mochima, Halo B & Halo C

Mollitor et al., MNRAS 447-2 (2015); Nufiez-Castifieyra et al., MNRAS 501-1 (2021)
e Millions of particles (mpy ~ 10° Mg, , my ~ 10* M)

@ Similar initial setups, but appreciably different final galaxies

Analysis of the simulations:
@ Center on the most gravitational bound particle

@ Align cylindrical coordinates according to inertia tensor of
stellar particles

@ Extract p(R,z), V(R, z) and 74(R)
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Baryonic gravitational potential

Parameterize as: Wg(R,z) = Vyn(R, z) + Vu(R, 2)

GM isc
Un (R, z) = d
\/R2+(ad+,/z2+b§)2
GM,
\UH(R7Z) = bulge

- VRZ1 224 a,
Azimuthally average the simulated baryonic potential:

\TIB,sim(Ra Z) = <\UB,sim(F(Ra Zz, ¢) >¢
023 (R.2) = { (VB sim(7(R, 2.0) — Upgm(R, 2))* )y

Perform a x? fit for grid of 202 points in range R,z € [0.1,20] kpc
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Figure: Relative difference between the fit and azimuthally averaged
gravitational potential in Mochima simulation.
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Baryonic gravitational potential
DM density distribution
Halo rotation

Simultions

DM density profile

Use either NFW or Burkert DM density profile:

Ps = Ps
pNEw(r) = r/re-(L+r/r)? PBur(r) = (L+r/rs)-(L+r%/r2)

Fit the enclosed DM mass (numerically more stable than density):

snn( Z mpLi

r<r

Msim(ri)
evenly-distributed radial points in the range r € [1,100] kpc

) 2
Minimize f — Zrl_ (MNFW/BUR(N |057I’s) _ 1) over hundred
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Simultions

DM mass profile

—— Simulation

—— NFW fit

1011 - Zhao fit
3
=
S
= 1010+

/
/
109 4 /

Mihael Petad Testing the predictions of axisymmetric inversion method on hyd



ational potential
distribution
Halo rotation

Simultions

Halo rotation

Parameterize the halo rotation profile as:

wR
1+ (R?+2%)/r3

Vd’(R’ z) =

e Small correction in the velocity distribution (v, < 0y)
@ Can not be accessed by observations

@ Irrelevant for indirect detection, but can be important for
direct detection experiments

In the following neglect the halo rotation:

To=0 = (& L)=Ff(E L))
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Results

Results

Focus on the comparison of DM velocity distribution predicted
by the inversion methods and the one extracted from simulations
@ Speed distribution
@ Meridional velocity distribution
@ Azimuthal velocity distribution

Quantify the similarity in terms of relative entropy:

Dki(PIQ) =Y P(x) - log (gg;)

xeX

Derived quantities
@ Moments of the velocity distribution
@ Velocity anisotropy
@ Astrophysical factors for direct and indirect DM searches
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Speed distribution

0.005
0.004

Eoooz

0.001

0.000

R=3kpc, =0

Results

Ve

R=9kpc, z=0

Velocity distribution

R=26kpc, z=0

—— Axi. inversion
Edd. inversion
[ Simulation

—— Axi. inversion
Edd. inversion
[ Simulation

—— Axi. inversion
Edd. inversion
[ Simulation

3 <
400 600 400 600 200 400 600
v [km/s] v [km/s] v [km/s]

Figure: Comparison the predicted speed distributions with the ones
extracted from simulation.
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Velocity distribution
Velocity anisotropy
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Components of the velocity distribution
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Figure: Comparison the meridional and azimuthal distributions.
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Relative

Figure: Relative entropy between true and predicted velocity distributions.
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Velocity distribution
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Moments of velocity distribution
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Figure: First two positive moments of the speed distribution.
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Figure: First two negative moments of the speed distribution.
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Velocity anisotropy

0.16 R .
—— Simulation

0.14 4 — AXi. inversion
Edd. inversion
0.12
0.10 A

0.08 1

Br

0.06 1

0.04 1

0.02 1

0.00{ o=

100 10! 102
R [kpc]
0% (R, z=0)
Pp\"H £

Figure: Velocity anisotropy in the disk plane; S5(R) = % ~ 2 (R=0)"
MU, 2=

Mihael Petad Testing the predictions of axisymmetric inversion method on hyd



Results v R
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Direct and indirect DM searches

DM-nucloen recoil rate in direct searches proportional to:
1 —
0 g(Vmin) = 7‘]‘|‘7|>Vmin dBv vl fian(E, Ly)

© h(Vinin) = 55 figsum @V V- fian(E, L2)

Expected annihilation signal in indirect searches proportional to:

sa9) = [ da [ dt ) (S

o p-wave annihilations: (S(vel)) = (v2))
e Sommerfeld enhancement: (S(ve1)) = (V") With o € [0, 2]
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Results
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Figure: Astrophysical factors entering direct detection.
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Moments of relative velocity distribution
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Figure: First two positive moments of the relative speed distribution.
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Figure: First two negative moments of the relative speed distribution.
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Conclusions

Conclusions and outlook

Incremental improvement in modelling of the DM distribution

e Up to 50% smaller relative entropy and relative errors in the
moments of velocity distribution

@ Important for certain aspects of direct detection experiments

@ Could serve as a starting point for more complex models

Caveats:
@ Axisymmetric inversion can lead to non-physical solutions

@ Accuracy depends on unobservable “degrees of freedom”

Some questions for the future:
e From (mock) observations to distribution function

@ Models for the DM that is not in dynamical equilibrium
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