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Dark matter: only a mischievous grin in our universe

Image credits: h etwallpapers.com/collection /cheshire-cat-wallpapers, Disney



Observational evidence for dark matter

strong gravitational lensing
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Image credits: R. Durrer (2008), ESA (Planck), Mario De Leo, ESA/Hubble, NASA/CXC/M. Weiss - Chandra X-Ray Observatory: 1E 0657-56



Dark matter structures in cosmological simulations

Image credits: Frenk & White (2012), Navarro, Frenk & White (1996) 3



velocity of dark matter

Image credits: Ben Moore, Yoshida et al. (2000), Tollet et al. (2016)
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Motivation: one theory to explain them all

Goal: one model for individual dark matter halo mass densities p(r)
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Prerequisites for a testable, evidence-based model

almost universal mass density profiles
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Image credits: Navarro et al. (2010)



Prerequisites for an effective, macroscopic model

scales of interest:

® simulations: M > O(10* Mg), L > O(10kpc)

® observations: M > O(108 M), L > O(10kpc)

decoupling of structure and dynamics

— individual particle-based halo model at each time
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Prerequisites for a simplified, abstract model

physical picture
® n, dark matter particles
® halo = sphere of radius rmax

® Newtonian gravity
as the only interaction

® collisionless particles

Image credits: Aquarius Al simulation MPA Garching

mathematical picture

identical, identically distributed
finite ensemble props (np, rmax)

linear superposition,
spatial power-law PDF

independent particles




Mathematical description of the particle ensemble
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Individual power-law probability densities

For each of the n particles holds:

® probability for a particle to be at r;:

pr)=N(2) " >0

® normalisation N given by finite volume:

fvmax dVp(r;) L1 -/I'

max

axN [ drr? (ﬁ)_7 1 = N=N("o, fmax: 'min)
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Joint ensemble

Joining the independent, identically distributed particles:

® identically distributed = same PDF for each particle

-
P(r) = N 7 Tanas rmin) (1)

® independent = joint PDF is product of individual PDFs
p

PE(r1 ey tng) = T1 2(r)
j=1

® (in)distinguishable particles ?

PE(1, ey Pry) = (nip') ;fj)lp(’rj)
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Most likely configuration of the joint ensemble

® joint PDF
PE(T1, s Tnp) = ( 1.) ﬁ p(rj) = (nl ,) Tﬁ) N() (%)_W
® log-likelihood

L(r1, ..y Tny,) = log (pE(rl, ...,rnp)) = —log(np!) + El log (p(rj))
j=

= —log(np!) + np log (V) —7 3 Toa ()
=1

® most likely configuration to determine

Oy L(T1, s Ty ) 20

a‘YN(’Ya Toy "max, Tmin) 1 7 (Ti) s i
N(‘Y, Tos Tmaxs Tmin) Np =1
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Physical interpretation of mathematical results
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Transfer from particle ensemble to mass density

® Density of a dark matter halo

-y
p(r) = mpn(r) = mpnp p(r) = mp np N(v, 7o, "max, Tmin) (é)

— p(r) from a finite number of spatially bounded particles

— most likely spatial configuration determines ~
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Physically relevant cases

Choose 7, K 7j in

8‘/]\](77 Taarmax>rmin) . i i In (Q) ; 0
N(v,7¢, "max, "'min) p j=1 To
to obtain
n
V=24 "
> In (TTJ )

@ core case: 0 < rmyin <75 < reore
@® isothermal fluid case: np > 1
© thinning outskirts: r; < Tmax

@ overflowing outskirts: rmax < 7 & 2rmax
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Limiting approximations
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isothermal fluid case: p(r) < 72 (np — )
core case: p(r) o< 71 possible (uniform distr.)

overflowing outskirts: p(r) oc =% ((67) — rmax)



Summary: dark matter halo profiles from a fundamental theory

® Qur approach so far .

® purely probabilistic (mathematical) approach
— separation of structure & dynamics
— independence of cosmic assembly history
® simple, analytic approximations as solutions
— clear understanding of halo shapes
— optimisation of simulations & observations
® translations of mathematical terms to physical ones exist

— connection to thermodynamics
— reduction to necessary prerequisites

® Further reading

® Essay (hon. mention of the Gravity Research Foundation)
— arXiv:2005.08975

® Full paper (in press in General Relativity & Gravitation)
— arXiv:2002.00960
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