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Let me know (PM me) 
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your research with the 
UC Santa Cruz group! 

also PLEASE! 
Interrupt & interact
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Squirrel ~ 500 grams

Volume of Earth ~ 1027 cm3

Density of Dark Matter here ~ 0.3 GeV/cm3

grams in a GeV ~ 1.8 x 10-24

1000 x 1.8 x 0.3 = 540 grams



Density of Dark Matter here ~ 0.3 GeV/cm3

Density of Dark Matter in the Universe ~ 10-5 than here

1000 x 1.8 x 0.3 = 540 grams
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a new 
elementary particle



what is an
elementary particle?



what is an
elementary particle?

an irreducible, unitary
representation of the

Poincaré Group



(m, J)

what do we know
about m and J?



what do we know
about m and J?



quantum effects must be
smaller than halos!



lDB = h/(mv) < 1 kpc

lDB = 0.3 cm (1 eV/m) < 3x1021 cm



lDB = 0.3 cm (1 eV/m) < 3x1021 cm

m>10-22 eV



what if J=(2n+1)/2, i.e. fermion?



m>25 eV

the phase space density is bounded (Pauli blocking): f= gh-3

Tremaine-Gunn limit (1979)

upper limit: highest observed phase space density: dSph!

dSph Ursa Major

(MB with exp=1)

what if J=(2n+1)/2, i.e. fermion?



m>25 eV
fermions

m>10-22 eV
bosons

what is the upper limit
to the dark matter mass?

ultramassive DM: beyond MP…
composite, primordial black holes!



Macroscopic Dark Matter would 
tidally disrupt structure

m < 10 3 solar masses ~ 1070 eV



10-20 eV 100 eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV 1050 eV 1060 eV 1070 eV

Macroscopic
Quantum

Effects

Macroscopic
Tidal

Effects

What else do 
we know about 

the DM?



One thing we do know well about dark matter (CMB, clusters,…)

Global amount of dark matter in the universe

Knowledge of the dark matter average density 
is a powerful model-building tool

Models that predict the “right” amount of dark matter get kudos

Dark Matter “cosmogony” well-motivated guideline to model building



A successful framework for the origin of species in the 

early universe: thermal decoupling



A synergy of statistical mechanics, 
general relativity, and of nuclear and particle physics 

making predictions testable to exquisite accuracy 
with astronomical observations! 

A successful framework for the origin of species in the 

early universe: thermal decoupling



The abundance of thermal relics depends on their kinematic state
at the time of decopupling from thermal bath (freeze-out)

Hot relic: decouples 
when relativistic 

(Tfo>>m)

Cold relic: decouples 
when non-relativistic 

(Tfo<<m)

(x=m/T>>1)



…we know at least two neutrinos are massive

…thus, at a minimum, 



CMB by itself demands

…adding LSS data

…putting the SM component of neutrinos as DM at



What about the 99%?



Freeze-out while m>>T: cold relic

WIMP miracle!
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10-20 eV 100 eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV 1050 eV 1060 eV 1070 eV

“right” (model-dependent) 
combinations

of masses and couplings populate a 
much larger “rich hidden sector” 

parameter space

s ~ g4 m2
DM / m4

med
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…price: must invent new 
interactions besides SU(2)L

“right” (model-dependent) 
combinations

of masses and couplings populate a 
much larger “rich hidden sector” 

parameter space

s ~ g4 m2
DM / m4

med
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10-20 eV 100 eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV 1050 eV 1060 eV 1070 eV

Fuzzy (wave)
Dark Matter

Ø Soliton-like core, of size ~1/vDM
Ø Opportunities for new stellar surveys!
Ø Strong constraints from 21 cm line (no sol. to 

small-scale issues)*
* Nebrin et al 2018
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Fuzzy (wave)
Dark Matter

Light bosons

Ø Many exciting new ideas!*

* ABRACADABRA, LC resonators, HAYSTAC, MW cavities…
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Sterile Neutrinos

Fuzzy (wave)
Dark Matter

Light bosons

Ø We (might) need them (n masses, 
leptogenesis)

Ø Detectable with X-rays
Ø Detected? (3.5 keV line) No: Draco, 

XMM Blank Fields!*
* Jeltema + Profumo ‘16; Dessert+ ‘19









10-20 eV 100 eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV 1050 eV 1060 eV 1070 eV

WIMPs

Ø Common in BSM weak-scale
Ø Very advanced direct 

detection program
Ø Controversial indirect signals

ü Galactic Center excess



Carlson, Linden, Profumo PRD, PRL (2016)
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WIMPs

Ø Common in BSM weak-scale
Ø Very advanced direct 

detection program
Ø Controversial indirect signals

ü Galactic Center excess
ü other gamma-ray excesses



McDaniel, Jeltema, Profumo 2018, 2019



Reynoso, Profumo +, 2019
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WIMPs

ü Galactic Center excess
ü other gamma-ray excesses
ü Positron excess

Ø Common in BSM weak-scale
Ø Very advanced direct 

detection program
Ø Controversial indirect signals



New
data

Linden + Profumo 2013; Profumo et al 2018
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WIMPs

ü Galactic Center excess
ü other gamma-ray excesses
ü Positron excess
ü Antiproton excess

Ø Common in BSM weak-scale
Ø Very advanced direct 

detection program
Ø Controversial indirect signals



AMS propaganda plot

Resonaances: “experts unanimously 
agree that the brown smudge in the plot 
above is actually just s**t, rather than a 
range of predictions from the secondary 
production”



10-20 eV 100 eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV 1050 eV 1060 eV 1070 eV

WIMPs

ü Galactic Center excess
ü other gamma-ray excesses
ü Positron excess
ü Antiproton excess
ü 3He events

Ø Common in BSM weak-scale
Ø Very advanced direct 

detection program
Ø Controversial indirect signals



Coogan and Profumo 2017
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WIMPzillas

Ø Non-thermally produced
Ø Could be charged U(1)EM, 

SU(3)…
Ø If so, could be detectable



* Page, 1977
** Lehmann, Johnson, Profumo and Schwemberger, 1906.06348

As BH approach the Planck scale, they can acquire a 
significant relic electric charge

(under simple assumptions) 
the relic charge is 

approximately Gaussian*

If evaporation stops around the Planck scale 
(because of extremality, or because of quantum gravity) 

we are left with a population of charged, Planck-scale relics!



* Lehmann, Johnson, Profumo and Schwemberger, 1906.06348



…even if PBH are NOT the dark matter, they can PRODUCE
the dark matter via Hawking evaporation!



…even if PBH are NOT the dark matter, they can PRODUCE
the dark matter via Hawking evaporation!

* Morrison, Profumo and Yu (JCAP, 2019)



Relative initial 
abundance of PBH 
to everything else

Mass of decaying 
RH neutrino 

producing baryon 
asymmetry

Ruled out by CMB 
limits on HI

Dark Matter too fast

RH produced below 
EWPT

PBH (eventually) 
dominate 

universe energy 
density

* Morrison, Profumo and Yu (JCAP, 2019)



Dark Matter can be a mix of Planck-scale relics from PBH 
evaporation, and stuff the PBH evaporated into!

Too much Dark Matter

* Morrison, Profumo and Yu (JCAP, 2019)
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THIS PLOT 
IS WRONG
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THIS PLOT 
IS WRONG

“Stellar-Mass”
(1035 g)

Black Holes

ü How does accretion work? (1)

ü Spins look a lot like PBH! (2)

ü …or maybe they are low because of super-radiance? (3)

ü Catch a sub-Chandrasekhar mass BH! (4)

(1) SP+Lehmann (2) SP+Fernandez (3) SP+Fernandez+Ghalsasy (4) SP+Lehmann

The BH were a 
little heavier 

than I expected
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THIS PLOT 
IS WRONG

“Asteroid-Mass”
(1022 g)

Black Holes

~ 7h observations of 
O(106) stars in M31

with Subaru HSC



SUBARU HSC microlensing, 1701.02151 VERSION 1



SUBARU HSC microlensing, 1701.02151 VERSION 2: wave effects

wacky constraints 
(WD, NS) have 

disappeared



SUBARU HSC microlensing, VERSION 3: finite source AND wave effects

This constraint 
also non-existent*

* Katz et al, 1807.11495

…but assuming all stars have R = Rsun !



Sun-like stars are however too dim for HSC!

* Profumo, Smyth+ PRD 2020



How do we go after them? Capture and perturbation around PSR?

* Profumo, Smyth+ PRD 2020
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WIMPzillas

“Stellar-Mass”
(1035 g)

Black Holes

“Asteroid-Mass”
(1022 g)

Black Holes

Sterile Neutrinos

Fuzzy (wave)
Dark Matter

Light bosons

WIMPs





• Not a review!
• “Blackboard”-style
• 233 Exercises
• Designed for “self-study”




