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A random density field
ÅExpanding over time
ÅGravitationally amplified over time

Smooth on sufficiently 
small scales

e.g., due to thermal motion of 
the dark matter

Local maxima in the density field are 
the first places to gravitationally collapse
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”ᶿὶ Ⱦ  cusp stabilizes 
immediately after formation

Black = time of picture

early
late
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Cusp can only depend on 
immediate density peak 
(size Ὑ, collapse time ὥ)

”ὶḗςτ Ӷ”ὥ
ὥὙ

ὶ

Ⱦ

ὶ ḗπȢρρὥὙ

MSD, Bruff, Erickcek (2019)
MSD & White (2023a)

prediction
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ᾀ ρπ

WIMP

colder
DM

WDM

:
Can evaluate 
prompt cusp 
distribution 
directly from 
statistics of peaks:

prompt cusps form at 
the smoothing scale
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Å Major mergers can affect the center, but effect appears to be small



Cusps and halos

MSD & White (2023a)

”ᶿὶ Ⱦ  
cusp persists!

(ὥ is defined arbitrarily)

Buildup of material makes
standard halo profile

at larger radii

M. Sten Delos 8Every halo/subhalo should have a central prompt cusp!

set by local peak

set by 
growth 
over time
accreted 
άŀǘƳƻǎǇƘŜǊŜέ 
of initial cusp

Å Most new material has too much energy and angular momentum to reach the central cusp

Å Major mergers can affect the center, but effect appears to be small



The cusp-halo relation

M. Sten Delos 921

h
a

lo
 m

a
s
s

cosmic time

Trace assembly history back

to the cusp formation epoch

to identify the central cusp

Halo

What is the central cusp of a given halo? Full prescription for influence of
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Åhttps://github.com/delos/cusp-halo-relation
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What is the central cusp of a given halo? Full prescription for influence of
smoothing scale on halo structures:
ÅarXiv:2506.03240
Åhttps://github.com/delos/cusp-halo-relation
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Prediction from:
Å Initial peak Ą cusp

(Delos et al. 2019)

Å Growth history Ą halo
(Ludlow et al. 2013)

άŎǳǎǇ-bC²έ

What is the density profile of a halo with a central prompt cusp?

π ώ ρ
NFW pure cusp
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e

initial

density peaks

cusp

formation

halo

halo

growth

central cusp subhalos

merger
Halos grow by merging with other halos

ÅEarly universe was smooth (no halos)

ÅPrompt cusps: 1st stage of cosmic structure

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

ÅMost prompt cusps survive hierarchical assembly
(as substructures)
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ρωωφ               NFW profile

ςππτ               Einasto profile
Navarro et al. (including F, W):

άhǳǊ ŘŜƴǎƛǘȅ ǇǊƻŦƛƭŜǎ ǎƘƻǿ ƴƻ ǎƛƎƴ 
of converging to a well-defined 
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ρωωφ               NFW profile

ςππτ               Einasto profile

Diemand
Ishiyama

Ogiya
Angulo

etc.

Navarro et al. (including F, W):
άhǳǊ ŘŜƴǎƛǘȅ ǇǊƻŦƛƭŜǎ ǎƘƻǿ ƴƻ ǎƛƎƴ 

of converging to a well-defined 
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Disagreement about inner slope
(e.g. Moore et al. 1999: ”θ ὶ Ȣ)

2019-2023

2006-2020
”ᶿὶ Ȣ (or similar) for the smallest halos

Softened in hierarchical assembly? (Ogiya, Angulo)

Connection to initial peaks
Survival in halo growth
Survival in hierarchical assembly

prompt cusps
Prompt cusp:

pure power law

Einasto

NFW

CDM does not 
predict ”ᶿὶ .

Halo:
no power law

”ᶿὶ Ȣ confirmed in phase-space tessellation simulations (Colombi 2021; Ondaro-Mallea et al. 2024)
more robustly predicted than Einasto/NFW, which come from ὔ-body only!
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ᾀ ρπ

WIMP

colder
DM

WDM

Prompt cusps of warm 
dark matter would affect 
dwarf galaxy structures

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



Warm or interacting dark matter
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Lovell et al (2014)

which suppresses the abundance of low-mass halos:

Random particle motion smooths initial conditions
Å DM production mechanism?
Å Interactions with Standard Model?

Nadler, An, Gluscevic, Benson, Du (2025)



Warm or interacting dark matter
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Initial density peaks are much larger
Ą Prompt cusps are much more massive
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Interpretation: ” ”  can be explained by halo growth, 

but ” ”  is more difficult to explain

Uncertainty about
ÅὶḺ half-light radius
Å Baryonic feedback
/ŀƴ Řƻ ōŜǘǘŜǊ ǿƛǘƘ ǎƳŀƭƭŜǊ ƎŀƭŀȄƛŜǎΧ

Lovell et al (2014)

which suppresses the abundance of low-mass halos:

Random particle motion smooths initial conditions
Å DM production mechanism?
Å Interactions with Standard Model?
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Confirmed Milky Way satellites
(Local Volume Database)
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ultrafaint dwarfs
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We want:
ÅLow half-light radius

(to measure profile at small ὶ)

ÅLow brightness
(so low likelihood of significant feedback)

1. Implement prompt cusps in Galacticus 
semianalytic galaxy/subhalo model 
(Benson 2012; calibrated to observed dwarfs by 
Ahvazi et al. 2024)

2. Identify satellite galaxies
similar to Tuc V/Segue 1/Tri II
(in luminosity/size/orbit)

Confirmed Milky Way satellites
(Local Volume Database)



Prompt cusps of ultrafaint dwarfs

Compare ὺ  at half-light radius
for the 3 faintest confirmed 

dwarf galaxies
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simulation
halo

ᾀ τȢσ
ᾀ ρω

Tuc V and Tri II are Ḑ Ϸ outliers for 10 keV WDM [preliminary]
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[preliminary]

Segue 1 is consistent with WDM and CDM
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Prompt cusps of warm 
dark matter would affect 
dwarf galaxy structures

Prompt cusps boost
dark matter annihilation 

by a factor of Ḑρπ

ᾀ ρπ

WIMP

colder
DM

WDM

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



dark matter particle pair-produced 
in the early universe

can annihilate into detectable 
SM particles today

Annihilation rate θ ”

Annihilating dark matter

M. Sten Delos 18

DM

DM

McDaniel, Ajello, Karwin, Di Mauro, 
Drlica-Wagner, Sànchez-Conde (2024)



Annihilation in prompt cusps

M. Sten Delos

Abundance and internal density of prompt cusps
greatly boost the annihilation rate

Previous predictions:
halo & subhalo models

Å Extrapolate from much 

larger scales: ᶿά

Å Semianalytic modeling
(neglected baryons!)

Directly from statistics of peaks 
& peak-cusp connection*

MSD & White (2023b)

19

cosmological average

*about ρȾς of initial peaks can be 
associated with cusps due to halo clustering



Cusp survival in halo clustering
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Simulation estimate:

MSD & White (2023b)

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

(time)
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Outcome: ḐρȾς of collapsed peaks can be associated with prompt cusps.

Real subhalos can only be destroyed 
if they sink to the center of the host

(e.g. Errani & Peñarrubia 2019)

Simulated subhalos 
are artificially fragile

(and difficult to 
algorithmically identify)

but this depends mildly on ɝ Ὧ (Ganjoo & MSD 2025)



Limits on dark matter annihilation
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from prompt 
cusps in nearby 
galaxy clusters

(/ǊƴƻƎƻǊőŜǾƛŏ, MSD, 
Kuritzén, Linden 2025)

(MSD, Korsmeier, Widmark, 
Blanco, Linden, White 2024)

from prompt cusps 
contributing to 
isotropic ‎-ray 

background (IGRB)

No large annihilation 
boost in Galactic Center &
nearby satellite galaxies:
Å Density already high in 

smooth halo
Å Substructure tidally 

disrupted

Annihilation rate θ  number of cusps θ total mass of DM



Limits on hidden-sector dark matter
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SM

SM

ὣ
(mediator)

DM

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

(e.g. Berlin, Hooper, Krnjaic 2016)
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Himanish Ganjoo

SM

SM

ὣ
(mediator)

DM

DM

Mediator ὣ can drive
early matter-dominated era
depending on mass/lifetime
Å hugely boosted 

annihilation rates
Å strong indirect-

detection constraints

Idea: produce DM thermally while
evading colliders/direct detection

(e.g. Berlin, Hooper, Krnjaic 2016)

Ganjoo & MSD (2025)
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Ruled out

Ganjoo & MSD (2025)
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Prompt cusps of warm 
dark matter would affect 
dwarf galaxy structures

Prompt cusps boost
dark matter annihilation 

by a factor of Ḑρπ

For very cold DM, prompt 
cusps would pass continuously 

through the Solar System

ᾀ ρπ

WIMP

colder
DM

WDM

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



Stellar encounters
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Solar System

Ḑρπ -ṩȾÐÃ

Ḑρπ -ṩȾÐÃ

Ḑρπ -ṩȾÐÃ

Ḑρπ -ṩȾÐÃ

Stücker, Ogiya, White, Angulo (2023)

Average density
of subhalo
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Prompt cusps of WIMP 
DM with standard ע Ὧ

cusp orbital radius



Local substructure
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stellar

encountersimportantweak

interferometers

& gradiometers
planetary orbitspulsar timing

ÅPrompt cusps are simple!
ÅStellar encounters are simple!

Ą Local prompt cusps are an easy calculation:

(Stücker et al. 2023b)

WIMP

(peak-cusp connection)



Prompt cusps: summary
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Prompt ⱬᶿ► Ȣ cusps
form at the onset of structure formation
and persist at halo centers

[preliminary]

Warm dark matter Cold dark matter

Thermal relics



Extra:
Finite-ὔ effects in structure formation
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