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The astrophysical evidence for dark matter
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Planck Collaboration 2018

Parameter Combined

Quh? .. 0.02233 + 0.00015
g QB2 v i s 0.1198 +0.0012 -—

1008Ge: iscsas as 1.04089 + 0.00031
SO 0.0540 + 0.0074
17101} s (O 3.043 +0.014
P 0.9652 + 0.0042
O e 0.1428 + 0.0011
Hy[ kms 'Mpc™']  67.37+0.54
(5 0.3147 + 0.0074
G Ty Ts ) 13.801 + 0.024
o2 D 0.8101 + 0.0061
Ss = 05(92,/0.3)%°  0.830+0.013
Pass VRGN et 7.64 +0.74
1006, ......... 1.04108 + 0.00031
Famg IMpc] . ... .. 147.18 £ 0.29

* Results from a single instrument (Planck/HFT)

* No local/low-redshift data are used

 Linear perturbation of a homogeneous medium

* No exotic/HE physics needed to set pattern

* QOutside moditfied gravity regime

e Modelling cosmic structure formation requires
extrapolation to smaller scales and later times

|
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NFEW claims about spherically averaged halo density profiles

Density

L.og

o

——
r ' r

6

g |

\J

O |

g i

4
) Profiles are homologous.  Independent of halo mass,

N | of cosmological parameters and of initial linear power
W, | spectrum, P(k), they are well fit by the simple formula,
N \\ ] p(r)/pcritzésrg/r(r_l_rs)z
SCDM \

llll

llllll

Log radius Navarro, Frenk & White 1997



NFEW claims about spherically averaged halo density profiles
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The characteristic density of a
halo depends on its mass

Lower mass halos are denser

The halo mass-density relation
depends strongly on cosmological
parameters and on P(k)

Navarro, Frenk & White 1997



NFEW claims about spherically averaged halo density profiles

The characteristic density of halos of all masses

) in all cosmologies and for all P(k) is proportional
Ly to the density of the universe at the time z_

- voof o 1 when half of the total halo mass was first in

© W significant nonlinear lumps (e.g. > 0.1M,,;, )
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The characteristic density of halos thus reflects
1 ‘ r~0.1 their assembly history

Navarro, Frenk & White 1997
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Halos converge to NFW outside rp,..(7/)

Springel et al 2008

ll?llll '

AQ-A-}

AGA2

1 lillll

I l;lllllll .l I lllllll | | lllllll 1 I

z=00

;Aq-/\~§3
Aq-A-4

Aq-A-5

'l l:llllll] 1 llllllll | — | lllllll 1 1

The NFW shape 1s not a consequence
of 2-body relaxation/discreteness
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The Mlllenmum Simulatlon N
Sprmger et al 2005 |
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Observed galaxy distribution
from surveys which
map the Universe \
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Virtual galaxy
distribution from the
Millennium Simulation




Average mass profiles around bright galaxies

Wang W et al 2016 log M,
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The points are measured mass

| profiles around the central

galaxies of galaxy groups

i Top to bottom goes from rich

clusters to “Milky Way” groups

| The lines are the predicted mass

profiles about such groups in the

i Millennium Simulation

; Parameters were fit using galaxy
1 abundances only. No parameters
| adjusted to fit clustering
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| Predicted and observed profiles

for abundance-matched halos
agree down to ~ MW mass
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Small-scale structure in the high-z Lyman o forest

log,q (k [i(m" 8))

HI absorption in front of high-z QSOs allows measurement of small-scale structure in the IGM
The measured P(k) is consistent with ACDM with Planck parameters

Warm Dark Matter is excluded for my ...,y < 5.7keV at 20

The standard ACDM paradigm is validated down to the scales of small dwarf galaxies
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Prompt cusp formation in a ACDM density peak

103 10— 10—1
racdius r

Delos & White 2023



Prompt cusp formation in a ACDM density peak

Prompt cusp formation differs
qualitatively from “normal”
halo formation

10% 7 Violent relaxation is important
T No close link of profile to cusp
U | .
growth history
Lo - / A “universal” profile different

from NFW
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Delos & White 2023



Prompt cusp and subsequent halo growth for a peak with z_,, = 87

prompt cusp prediction

initial peak
2] D

simulated halo
AR

.
>
.
r d 53
N —
~ [ e \
™
-,
‘3 .
.
" .
.
.
-
+
L

comoving radius (pc)

density p (Mg pe™?)

10—° 10~3 10—

radius 7 (pc)
Delos+White 2023




Prompt Cusps

e ...are relevant whenever P(k) is sharply truncated at high k

e ...form promptly as each initial density peak collapses

...have density profiles, p(r) = 24 p (r/ R)'*, where p is the mean cosmic
DM density and R = a_(6 / V?0)'? is the size of the linear gverdensity

peak (both measured at t, the time of peak collapse)

o ...have, by 1.2 t., mass, M. . ~7R?p, and size, T 0.1R

GUsp

e ...have an inner core radius set by phase-space constraints, thus dependent
on the nature and cosmological origin of the DM

* ...suffer late-time tidal disruption only in star-dominated regions of
galaxies (through encounters with individual stars)

* ...dominate the dark matter annihilation signal in all but the very densest
regions of galaxies
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BBKS-predicted peak and cusp distributions in ACDM

comoving size R (pc)

i Delos+White 2023
3.0 110 —_— .
peak distribution . cusp distribution
2:5. = 1
2.0 =
1.5 4
1.0 q---. weighted by number === weighted by number
- weighted by annihilation rate _ |=—— weighted by annihilation rate
— — . . 10~7 —Lr———r—r—r
1072 10~1 10~2

collapse time acol radius reusp (pe)

my = 100 GeV, Tika=30 MeV J 1p2dv



Tidal effects on prompt cusps in the Milky Way

Stiicker et al 2023
104 = Bcusp: Bcore
- Bess [stars]
10° Y. Bets [smooth tide]
8 102 | __ B [total] |
Q =W :
@ R R Cusp cores disrupted
g 10 ~ - | |
= 10° - - . \ : ‘ . .
@ i e e S S . N, R— Cusp outskirts disrupted
10~ - | | —
102
G T P
r [kpc]

A impulsive stellar encounter is characterised by strength, B =2GMs#/Vb’
For a given cusp, dN/dB =2nGB™ [p«(x(t)) dt;  Beg= (X B;'*)""?

Mean field truncation is approximated by Bmean = (42.2 |1 *0; 1 O @lperi )"
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Smooth halo
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Milky Way annihilation
radiation profiles

The profile due to cusps 1s
much shallower than that due
to the smoothly distributed
dark matter

10°

Stiicker et al 2023

r [kpc]
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Cusp emission dominates at
>] kpc neglecting tides, at

doe g wied
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104 :

Smooth halo

cusps (unperturbed)
cusps (tide only)
cusps (enc. + tide)

total

Di Mauro (2021)
Ackermann e.a. (2015)
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>3 kpc including the mean
tide, and at>7 kpc including
stellar encounters also

textragal
cusps

Prompt cusps do not affect the
Fermi Galactic Centre Excess,
but 1f this 1s due to annihilation

then they contribute much of
the 1 — 10 GeV background

109

102 sky average



Annihilation radiation boosts 1in field halos

Delos+White 2023
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Prompt cusps boost the emission from distant halos by factors ~20 (small
dwarfs) ~200 (MW-like galaxies) and ~2000 (rich clusters)

These are much larger than recent estimates of the boost due to substructure
made by extrapolating results of high-resolution halo simulations .



Isotropic y-ray background constraints on DM annihilation

Delos et al 2023

= This work bb channel

10—23 ==+ Fermi IGRB 95% upper limit

==+ Fermi dSph — == = == 1 Without prompt cusps

‘_

) -
. 10-24
o with prompt cusps
s 107°
Expected cross-section for
1026 a thermal WIMP

mpM [G eV]

* Prompt cusps tighten the upper limits on annihilation cross-sections by a factor of 30
e Standard thermal WIMPS with mp),, < 120 GeV are excluded at 95% confidence
e Production of the Galactic Centre Excess by annihilation 1s inconsistent with the IGRB

The IGRB limit 1s stronger than that from dSph galaxies for much of the mp,, range



Prompt cusps

* The formation mechanism and structure of prompt cusps differ from
those of “normal” halos

* Fora m= 100 GeV, Tkd = 30 GeV WIMP, prompt cusps have Earth
mass and are a million times more abundant than Earth-mass planets in

the Milky Way, accounting for a percent or two of all dark matter

* In the Milky Way they are significantly disrupted both by tides and
(particularly) by stellar encounters within ~20 kpc

* They have no observable dynamical or gravitational lensing effects
* They dominate the dark matter annihilation signal from the outer halo of

the Milky Way and from all extragalactic objects, leading to a local
luminosity density that is proportional to p,,, rather than p_*



