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Dark matter halos

* There is ~5 times more dark matter than baryons
e Dark matter drives gravitational structure formation

Regions with excess density
collapse under gravity to form
hot clouds of dark matter

[Unlike visible matter, DM is essentially
collisionless and cannot cool]
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Dark matter halos

Galaxies form in the centers of these “halos”
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Dark matter halos

Subhalos persist inside other halos:
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Halo density profiles

p(r): shallow (logarithmic) decrease at small r, steep decrease at large r
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Density profiles from accretion history

Universal density profiles follow from universal
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The first halos

The first dark matter halos form from density peaks.

Initial DM density field Collapsed DM structures

} -

(smoothed by thermal motion)

Normally not resolved in simulations [~earth mass]
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t/t. = 1.19
Prompt cusps

Black = end of movie

density p
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p < r~3/2 cusp stabilizes
immediately after formation
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https://stendelos.com/img/first-halo.mp4

p « r73/Z cusps have been
seen in simulations before...

from smaller halos
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Do prompt cusps survive?

...but their survival was questioned
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Halos converge to “universa
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Cusps shallow due to mergers?

The common view was that
mergers disrupt steep cusps

Correlation between mergers and shallow cusps
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Shallowing in idealized merger simulations
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Prompt cusp persistence

Buildup of material
produces shallow

| I PP CELL A . “universal” profile at
N larger radii
~ 102 a ,\JC’%NT/
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Outcome: standard DM density profile + prompt cusp
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Prompt cusps: broader picture ="
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Prompt cusp persistence is natural

Most new materialhas | [+ o Halo W1
too much energy and ) %
angular momentum to
sink to the center o 10° p < —
op) — &
S 1 3
o.. .\' o
Only Q é
can deposit material | o= 1.43 2
into the center, but a = 0.41 ‘2’
impact is minor L i !
P 1073 102 1071 10"

Consequence: every (sub)halo has a central prompt cusp!
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What sets prompt cusp properties?

Cusp set at formation time
=~ only sensitive to neighborhood of density peak

i.e., , , and tidal field at peak -
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What sets prompt cusp properties?

Peak has comoving size R
and collapse time a_:
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Cusp properties from peaks

Twelve high-resolution halos from three cosmologies:
Predictions [black] work well!
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narrow

Cusp properties from peaks . "1 A\
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Statistics of peaks

Connection between cusps
and peaks is clear.
What is the distribution of peaks?

THE STATISTICS OF PEAKS OF GAUSSIAN RANDOM FIELDS

J. M. BARDEEN
Physics Department, University of Washington

J. R. Bonp!
Physics Department, Stanford University
N. KAISEr!
Astronomy Department, University of California at Berkeley, and Institute of Astronomy, Cambridge University
AND

A. S. SzaLAY!

Astrophysics Group, Fermilab
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Statistics of prompt cusps
Example: 100 GeV WIMP (decoupling at 30 MeV)

average peak/cusp number density =~ 1073 pc~3

~ 40000 Mg
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Central cores

Any density cusp must give way to a at small radii
due to phase-space conservation
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What is dark matter?

Well motivated possibility:

. . D>
thermal relic dark matter particle y, £ \
. . . S
pair-produced in the early universe. 9
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c
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Relic abundance

Thermal relic cross section:
(ov) = 3 x 10726 cm3 /s
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x=l‘ﬂ/T (t-ime _’) Image credit: Dan Hooper
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Then dark matter can annihilate
into detectable SM particles today!

Indirect detection

X SM

X SM

Annihilation rate « p?:

Search the dense centers of galaxies
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Indirect-detection limits

Limits from gamma-ray searches:

Galactic Center (H.E.S.S. 2022)

thermal relic
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Indirect detection?

The Galactic Center gamma-ray excess

Excess of y rays detected by Fermi
in the 1-10 GeV energy range
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Indirect detection?

The Galactic Center gamma-ray excess

Excess Consistent with thermal relic cross section with DM
in th ol — T T T T T T T ] Galactic halo
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Substructure boost

The annihilation rate inside a halo is
boosted by the presence of subhalos

(due to p? scaling)

M. Sten Delos
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Prompt cusps and dark matter annihilation

Prompt cusp survival implies Extreme density inside prompt cusps
every halo and subhalo has one boosts the annihilation rate
10% A extrapolation with
prompt cusp
N 106 -
e simulated
g 104 - halo
O
o
102

103 101
radius r

Egalitarian: every halo, no matter its size, has (roughly) the same prompt cusp
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redshift z

Annihilation in 100 0 —

] | T T T L |
t = cusp count z = 32
Prompt CUsps EPR 40000 4 per DM mass
. . L. \Hl O,
Compute using peak statistics 2 = 20000 -
5 | (» 100 GeV WIMP
Z 10% (decoupling at 30 MeV)
0.04 '
annihilation rate dM _ = cusp mass
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"7 0.02 - Earliest 10%
o
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M. Sten Delos MSD & White (2022b) scale factor a o



Theoretical studies
* Stlcker et al 2022
* Drakos et al 2022
* Benson & Du 2022
* Amorisco 2021

predict cusps are
always preserved
at sufficiently
small radii

M. Sten Delos

Prompt cusp survival

Subhalo evolution studies have focused on p o r~1 cusps;
steeper cusps are not well studied. However:

Steeper cusps are more

* More tightly bound
* Lower particle
apocenters

resistant to tidal effects:

Annihilation rate in a

p x r=3/2 cusp is only
logarithmically sensitive
to the outer radius

g
=

annihilation scalin

Adiabatic-tides (Stlicker et al) prediction for

pro

mpt cusp survival in our Galactic halo:
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Annihilation signal

Spatial distribution of annihilation signal changes:
annihilation rate in prompt cusps o smoothed density p, not p?

107 4 Milky Way
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M. Sten Delos Galactic halo mass model: Cautun et al (2020) 35/40



Prompt cusps and the Galactic Center excess

Prompt cusps alter the DM
annihilation morphology (p, not p?)

Prompt cusps boost the
background annihilation signal

total
Galactic halo

extragalactic

Uncertainty about disruption by stars, though...

T/—\ 10~ 1 2 0 Galactic Centre excess [ 1
i diffuse background = 1077 5 U Rt
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| 10 E 3 o
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T s
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. 3N I Epup—— -
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10° 10! 102 sky
average . _ .
6 (deg.) 5 If GCE is annihilating DM,

M. Sten Delos Galactic halo mass model:

Cautun et al (2020)

MSD & White (2022b)
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Prompt cusps and the Galactic Center excess

If GCE is annihilating DM, diffuse y-ray background
must also be largely annihilating DM...

In tension with claims that almost all of the diffuse
background comes from known astrophysical sources:

SF Galaxies
— 107644 4 B Non-Blazar AGN
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10763

107

I Sum of BG Components

] (Blue = measured background)

0t

TR

T
E, (GeV)

'1'08

M. Sten Delos

37/40



Limits on DM annihilation

Signal from DM annihilation in unresolved prompt cusps = signal from DM decay

so we can convert between them:

Blanco & Hooper (2019)

10293 = x p
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3 ~ —27 _
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(different DM candidate)
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Outlook

Reduction in prompt cusp number
due to mergers?

= = peaks

How much disruption by stars?
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~309% of Galactic DM crosses disk

cusp coefficient A = pr

(highly unequal masses lead to
subhalo, both cusps preserved)

If DM is a thermal relic, expect an annihilation signal not only from the densest regions
but from diffuse regions as well



Summary

The first halos develop prompt p o« r~3/% cusps, which 10% - extrapolation with
. prompt cusp
* persist through halo growth )
* are particularly resistant to subhalo evolution i e |
 have straightforwardly predictable properties B 10t - simulated
z
<
Prompt cusps have a major impact on DM annihilation 102 -
* Boost factors can range from hundreds to thousands
« Different morphology: rate « p instead of p? 10-3 10-1
* Unprecedentedly strong limits on annihilating DM radius r

If DM is a thermal relic, expect an annihilation signal not only from the densest regions
but from diffuse regions as well



Rapid accretion

Shallow NFW/Einasto profiles follow from the accretion history

Self-similar models predict

faster accretion = shallower profile

S 3

= —dlog p/dlo
= N

Y
o

100
Ir=dlogM/dloga
Physically, new material
* builds up density at large radii
e contributes little to smaller radii

101

(Ludlow et al 2013, Dalal et al 2010)

101

Same idea holds in more realistic models

Behavior borne out in the first halos

Alog Mg
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MSD & White (2022)

Rapid accretion builds up large radii without disrupting smaller radii:
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Mergers

Mergers can disturb . . . o .
5 Merging halos ‘A’ and ‘B’ deposited material deep inside this halo...
central cusps:

. . Density profile Position within initial conditions
Amasswesubhaloqus T —— S e S e RS L aE R Ra
due to dynamical friction 200 - halo W1 ¥ :

. a = 0.96 F 2
and can thus disrupt the | _ I :
structure at small radii. [ 100 { -l ; | i ; . :
= ) -., T L
1| dotted = earlier p(r) |* A T A .
40 7 1 I ];
* | S P PN FETTE TENEE FEEEE P N
- . . r
However, the disruption is w _—
minimal.
...which caused some disruption of the p « r=3/2 cusp.
MSD & White (2022)
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Universality?

Consistent with:
p X 7”_3/2 cusp Universality in the structure of dark matter haloes over
twenty orders of magnitude in halo mass
102 = Wang, J.!, Bose, S.2, Frenk, C. S.3, Gao, L.!, Jenkins, A3, Springel, V.* & White, S. D, M.*
~ : T N ‘ Level Mo,/M,,
~ d N
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Power spectrum

ke =~ 1 pc
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Annihilation vs particle properties

J, My Ixd ’
—= =0.08 |1 ~ -36| p
MDM |: 05 (GGV GGV) } &

m, = DM particle mass

Tiq = DM kinetic decoupling temperature
Po = mean DM density today



