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Phases of cosmic structure
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The cosmological initial conditions
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The cosmological initial conditions
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I small scales
e.g., due to thermal motion of
the dark matter

Local maxima in the density fieldre
the first places to gravitationally collapse
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Statistics of prompt cusps
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Statistics of prompt cusps
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Statistics of prompt cusps

mass scale (Mg)
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Cusps and halos

Buildup of material makes
standard halo profile
at larger radii
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A Most new material has too much energy and angular momentum to reach the central cusp
A Major mergers can affect the center, but effect appears to be small

T —— Every halo/subhalo should have a central prompt cusp!



Cusps and halos

Buildup of material makes
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The cusphalo relation

What is the central cusp of a given halq?

Full prescription for influence of

A

halo mass
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Hzlo smoothing scale on halo structures:
A arXiv:2506.03240
A https://github.com/delos/cusphalo-relation
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The cusphalo relation

What is the central cusp of a given halg? Full prescription for influence of
t Hzllo smoothing scale on halo structures:
i A arXiv:2506.03240
S A https://github.com/delos/cusphalo-relation
Qo
©
< Prediction from:
A Initial peakA
> (Delos et al. 2019)

cosmic time A Growth historyA halo
(Ludlow et al. 2013)

What is the density profile of a halo with a central prompt cusyg?
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Hierarchical assembly
of cosmic structure

Halos grow by merging with other halos
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Hierarchical assembly
of cosmic structure

Halos grow by merging with other halos

A Early universe was smooth (no halos)
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Hierarchical assembly
of cosmic structure

Halos grow by merging with other halos
A Early universe was smooth (no halos)

A Prompt cusps: ststage of cosmic structure
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Hierarchical assembly
of cosmic structure

Halos grow by merging with other halos
A Early universe was smooth (no halos)
A Prompt cusps: ststage of cosmic structure

A Prompt cusps persist at halo centers
(but halo can grow much bigger than the initial cusp)
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Hierarchical assembly
of cosmic structure

Halos grow by merging with other halos
A Early universe was smooth (no halos)
A Prompt cusps: ststage of cosmic structure

A Prompt cusps persist at halo centers
(but halo can grow much bigger than the initial cusp)

A Most prompt cusps survive hierarchical assembly
(as substructures)
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Cosmology with prompt cusps

mass scale (Mg)
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Prompt cusps are a signature of the smoothing scale (e.g., from free streaming)

Prompt cusps ofvarm
dark matterwould affect
dwarf galaxy structures
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Warm or interacting dark matter

Random particle motion smooths initial conditions

A DM production mechanism? ; —— CDM
A Interactions with Standard Model? - mwpm = 5 keV
mMwpM = 3 keV
Sipi el T £ 10'-
2 <
which suppresses the abundance of tavass halos: =
AN
100+ ‘ — ' e
10% 10” 1010

Mﬁul)fpml\' [A/[J]

Lovell et al (2014)

Nadler, AnGluscevicBenson, Du (2025)

mwpm > 5.9 keV (95% confidence).
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Warm or interacting dark matter
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Interpretation:” " can be explained by halo growth,

but” Is more difficult to explain

Lovell etal (2014) Uncertainty about
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Prompt cusps of
ultrafaint dwarfs

We want:
A Low halflight radius

(to measure profile at smalll)

A Low brightness

(so low likelihood of significant feedback)

1. Implement prompt cusps i®alacticus

semianalytic galaxy/subhalo model
(Benson 2012; calibrated to observed dwarfs hy
Ahvaziet al. 2024)

2. ldentify satellite galaxies
similar to Tuc V/Segue 1/Tri Il

(in luminosity/size/orbit)

M. (Mp)

3 % 103 103 3 % 102

Confirmed Milky Way satellites
ez el (Local Volume Database)

Gius Ul Tucapa IV

Lea VI
Reticu.lum 11
Eridanus IV
Aqua[ius I]
Bootes || Seglie 2
Tuca.na \'
| Segle 1
Willman 1
Triangulum |l

1 | 1
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Prompt cusps of ultrafaint dwarfs

Compared  at halflight radius
for the 3 faintest confirmed
dwarf galaxies

simulation

halo

Veire (kIIl 51 )

= T T 1
100 101 102 103 104
radius r (pc)

MSD BensonAhvazi(in prep)

1 I
101 - — —{
[preliminary]
Tuc V
-—.—
warm DM (10 keV)
100 | Tl”i IE'_ COld DM
. L LU | ]
101 102 103

Tuc V and Tri Il arB
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Cosmology with prompt cusps

mass scale (Mg)
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Prompt cusps are a signature of the smoothing scale (e.g., from free streaming)

Prompt cusps ofvarm Prompt cusps boost
dark matterwould affect dark matter annihilation
dwarf galaxy structures by a factor oD p 1
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Annihilating dark matter

dark matter particle patproduced

In the early universe

DM SM

DM SM

can annihilate into detectable
SM particles today

Annihilation rate® ”
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Annihilation In prompt cusps

Abundance and internal density of prompt Cusps | pirectly from statistics of peaks
greatly boost the annihilation rate & peakcusp connection*

3

— - 10 3 — -
peak distribution 1 cusp distribution

» (Mg)

(3]
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50% 50%
%% o 25%
10%| £ 1076 4 10%

10-7

| | |
cosmological averade

comoving size R (pc)
—
1

mass M,

prompt cusps

o

ML | N N ML |
1071 10—2

collapse time acon radius reysp (PC)

—
5
—

% Previous predictions:
halo & subhalo models

> A Extrapolate from much
larger scales— 9 a

; A Semianalytic modeling
% (neglected baryons!)

J/MDM (M@ pc_3)

MSD& White (2023b) *about pf¢ of initial peaks can be

M. Sten Delos redshift z associated with cusps due to halo clustering,



Cusp survival in halo clustering

What fraction of initial peaks can be associated with prompt cusps?

Simulation estimate:

0.6 surviving halos MSD& White (2023b)
S or disrupted at
@
-g r > 3Tcusp
g 0'4 - r > 1OTCUSp =

' S
E for mmg ha\O_ ]
o fffffffff
£ 02 - S __ i Simulated subhalos
(@) ,y‘/,,--""- SUTViVin h-é,.l_- g - .
c 5 & Dalos} are artificially fragile
e (and difficult to
0.0 — e — » algorithmically identify)
0.3 1 3

Real subhalos can only be destroyed 0o(a) < a (time)

if they sink to the center of the host
(e.g. Errani &efarrubia2019)

Outcome:D pA¢ of collapsed peaks can be associated with prompt cusps.

but this depends mildly 08 "Q (Ganjoo &VSD2025)



Limits on dark matter annihilation

Annihilation rate® number of cusp8 total mass of DM

10—24

I | FL LI L

No large annihilation ®)

boost inGalactic Cente&

nearby satellite galaxies > 1072

A Density already high in.2 ‘
smooth halo

A Substructure tidally
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from prompt cusps
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Isotropicl -ray

background (IGRB)
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Blanco, Linden, White 2024)
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galaxy clusters

(¢ NYy23A2MIDSPA 6
Kuritzén Linden 2025)|

21



Limits on hiddersector dark matter

SM DM
|Idea: produce DM thermally while
o evading colliders/direct detection
4 (mediator) m (e.g. Berlin, HoopeKrnjaic2016)




Limits on hiddersector dark matter

y

7
SM (mediator) DM

Mediator ®can drive
early matterdominated era
depending on mass/lifetime
A hugely boosted
annihilation rates
A strong indirect
detection constraints

M. Sten Delos

P(k) at z.ef = 30.6

|Idea: produce DM thermally while
evading colliders/direct detection

(e.g. Berlin, HoopeKrnjaic2016)

No-EMDE: WIMP Cut-off
EMDE

10! 104 107
k [1/Mpc]
Ganjoo &MSD(2025)

l(}gl[,[TH”/:\h’\-‘;]

Himanish Ganjoo

T

1

2 3 4
log;[my /GeV]
Ganjoo &MSD(2025)

shorter-lived A
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Cosmology with prompt cusps

mass scale (Mg)
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Prompt cusps are a signature of the smoothing scale (e.g., from free streaming)

Prompt cusps ofvarm Prompt cusps boost For very cold DM, prompt
dark matterwould affect dark matter annihilation| cusps would pass continuously
dwarf galaxy structures by a factor oD p 1 through the Solar System
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Befs [km/s/pc]
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Stellar encounters

Solar Systerl'u

1071 3

1072 3
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Average density
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| ocal substructure

A Prompt cusps are simple! (peakcusp connection)
A Stellar encounters are simple!(stickeret al. 2023b)

A Local prompt cusps are an easy calculation:
cusp mass (Mg)

allowed b :
1076 4 . CMB/Lyg 106 pulsar timing planetary orbits interferometers
- simplest
10-7 extrapolation . 10-7
= 8 ,
A ~—— /'
A -8 »10—38 /
10 o’ 10
10—9 10—9 Ay

weak encounters important
| T 1 ) )

10—3 10—1 101 103 10° 107 10° 1011
M. Sten Delos k (Mpc™1) cutoff wavenumber kcni (Mpc™1)
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Prompt cusps: summary o+ hermal relics
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Extra:
FiniteV effects in structure formation



