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Dark Matter Theory Wrap Up



The Dark Matter Problem is 80 years 
old! Dates back to Fritz Zwicky in 1933 

Galaxies in the
 Coma cluster were
 moving too rapidly.

Proposed
  Dunkle Materie
 as the explanation.

The Dark Matter Problem is 90 years 
old: Dates back to Knut Lundmark in 
1930 and Fritz Zwicky in 1933
 

It’s not stars, it doesn’t shine.
It’s DARK. 



Concordance Cosmology

(talk of Marco Bruni)



n WMAP: 4.7% baryons, 23% DM, 72% dark energy
n PLANCK: 4.9% baryons, 26% DM, 69% dark energy

More Dark Matter (Planck vs. WMAP)

Less than 5% ordinary matter.
 What is the dark matter? What is the dark energy?



Outline: 
History, Surprising Results 
  and Big new Results 

n Surprising Results:
n Time dependence of Dark Energy in DESI??
n Hubble Tension ??
n Sigma_8 tension ??
n Negative Neutrino Mass from DESI??
n Too many and too massive early galaxies found in JWST 

to made sense in LCDM: some could be DARK STARS

n Big New Results of the Conference:
n COSINE-100 vs. DAMA
n XENON hits the neutrino fog



Time dependence of dark 
energy: DESI BAO results

From talk of Piero Ullio



Hubble Tension

Freedman and Madore https://arxiv.org/pdf/2309.05618
Use JWST data on Cepheids and tip of Red Giant Branch
 for callibration

CMB Local measurements
e.g. SN



Theory explanations of Hubble 
tension

n Very difficult!
n Late time solutions fail (Knox and Millea Hubble Hunters 

guide)
n Early time better: extra energy density speeds up 

universe expansion so that length scales including 
sound horizon are smaller when CMB is produced at 
z=1100. Thus to keep the Doppler peak at 1 degree, the 
inferred value of H0 is larger. How to get this:

n     Dark radiation degrades fit to higher l
n      my favorite: Early Dark Energy (Karwal and  

Kamionkowski). Our variant: Chain Early Dark Energy
n Problem: These approaches that help with the Hubble 

tension make the S8 tension worse



What’s needed for Early Dark Energy

EDE is Purple curve:
Need cosmo const
 for z>z*, then rapid
 fall-off 

At peak, need 
 ρEDE/ρtot ∼ 10% 

Plot from
Marc
Kamionkowski

n.b. PEAK is actually at z*=3500, right at matter/radiation equality
(Poulin etal 1811.04083) 
My thoughts: looks like a phase transition!



Chain EDE

K. Freese and Martin Winkler 
arXiv: 2102.13655



S8 tension

CMB on linear scales, Weak galaxy lensing on nonlinear scales:
 need better understanding of baryonic feedback

Sigma8 quantifies amplitude of matter fluctuations
 on 8 Mpc scales



Where is the dark matter?





What is the Dark Matter?
 Candidates:

n Cold Dark Matter candidates w/ strong theoretical motivation:
n WIMPs (SUSY or extra dimensions)
n Axions (exist automatically in solution to strong CP problem)
n --------------------------------------------------------------------------------
n Neutrinos are known to exist! But too light, ruin galaxy formation
n Sterile Neutrinos: no Standard Model interaction
n Primordial black holes
n Asymmetric Dark Matter
n Light Dark Matter, Fuzzy Dark Matter
n Self Interacting Dark Matter
n Q-balls
n WIMPzillas, Planck-scale DM



Neutrinos as Dark Matter? No
n Nearly relativistic, move large distances, destroy 

clumps of mass smaller than clusters
n Too light, 

n   50 eV neutrinos  would “close” the Universe.
n                                    BUT
n The sum of the neutrino masses adds to roughly 0.1 eV
n Neutrinos contribute ½% of the mass of the Universe. 







Doug Quincy Adams



Cosmological data (CMB plus 
large scale structure) bound 
neutrino mass

Giusarma, KF etal arXiv:1405:04320
Neutrino Properties in Particle Data Group’s Review of Particle Properties

Mν < 0.15 eV
at 95% C.L.

Vagnozzi, Gerbino, KF etal 
arXIv:1701.0872

Assumes standard Lambda CDM
 If w>-1, stronger bounds

Planck Satellite: < 0.12 eV

From oscillations: >0.06 eV

DESI mν < 0.072 (0.113) eV





DESI Collaboration     2024

Some tension with inverted hierarchy which requires 
 sum of neutrino masses above 0.1 eV



Negative Neutrino Mass from DESI 
results?

Craig, Green, Meyers, Rajendran
2405.00836

Systematics?
Problems with using BAO to get Omega_m h^2
Signs of new BSM physics that offset neutrino suppression of large scale structure ?
i.e. enhanced clustering of matter in the late universe due to long range forces 
In the dark sector, eliminate the SM neutrinos via decay (or annihilation),
 cool the neutrinos so that they behave like dark matter, 
or change their mass over cosmological history.

Of course not.





Neutrino Mass bounds are tighter for 
arbitrary dark energy with 
w>-1 (nonphantom) than for 
Lambda CDM

Vagnozzi, Gerbino, KF, etal http://lanl.arxiv.org/pdf/1801.08553

MARTINA
 GERBINO

SUNNY
VAGNOZZI



Ongoing Cosmic Microwave 
Background Experiments 

SPIDER at South Pole

My group has joined 
these two experiments

Jon Gudmundsson                       Adri Duivenvoorden

Nick Galitzki, new Prof at UT

Simons Observatory



Simons Observatory Science Goals



Neutrino Mass close to being 
measured (for the 3 active neutrinos)

n From oscillation experiments:

n >                 > 0.06 eV (Normal Hierarchy)
n                    > 0.1 eV (Inverted Hierarchy)

n From cosmology (CMB + Large Scale Structure +BAO)



Candidates I’ll discuss
n Self Interacting Dark Matter
n Primordial black holes
n Focus on theoretically well motivated CDM particle 

candidates:
n        Axions
n        WIMPs



From talk of
Haibo Yu;

See also
Parallel talk of
Daniel Gilman



Primordial Black Holes as 
Dark Matter?

n Primordial: they would have been born in the 
Universe’s first fractions of a second, when 
fluctuations in the density led to small regions having 
enough mass to collapse in on themselves.

n One possibility: they formed at the transition in the 
early Universe when free quarks became bound 
together into protons, neutrons, etc. Pressure drop 
led to black holes.

n Resurgence of interest as possible explanation of 
gravitational waves seen in LIGO detector in 2016 
due to merging black holes as massive as 30 suns.

n There could be millions of these between us and the 
center of the Milky Way.



From Carr and Kuhnel.
arxiv.org/pdf/2110.02821

Talks by 

Paolo Pani
and
Alessandro Cuocco

Primordial Black Holes as Dark Matter 



Best motivated Dark matter 
candidates: cosmologists don't need 
to "invent" new particles

n Weakly Interacting 
Massive Particles 
(WIMPS). e.g.,neutralinos

n Axions

    ma~10-(3-6) eV
arise in Peccei-Quinn

solution to strong-CP

problem
(Weinberg; Wilczek;

Dine, Fischler, Srednicki;

Zhitnitskii)



Axions
n Axions automatically exist in a proposed solution to 

the strong CP problem in the theory of strong 
interaction. They are very light, weighing a trillionth 
as much as protons; yet they are slow-moving.  Axions 
are among the top candidates for dark matter.

Steven Weinberg
Frank Wilczek



Steven Weinberg, 1933- July 23, 2021 
n Driver of some of the most 

groundbreaking ideas of 
the last half century. One 
of the most important 
thinkers on the planet and 
a wonderful human being.

n Foundational work creating 
the Standard Model of 
Particle Physics.

n We will miss him terribly in 
Austin--

n A major loss for us and for 
the world!



Bounds on Axions and ALPs
From review by
Luca di Luzio,
Giannotti, Nardi,
Luca Visinelli
2003.01100



WHY WIMPS?
“WIMP MIRACLE”

Weakly Interacting Massive Particles Many are their 
own antipartners. Annihilation rate in the early universe 
determines the density today.

n.b. thermal
       WIMPs

This is the mass fraction of WIMPs today, and gives 
the right answer if the dark matter is weakly 
interacting

€ 

Ωχh
2 =  3×10−27  cm3 /sec

<σv>ann

WIMP mass: GeV – 10 TeV 



Second reason we favor WIMPS: in 
particle theories, eg supersymmetry 

• Every particle we know has a partner

• The lightest supersymmetric particle
            may be the dark matter.



THREE PRONGED APPROACH TO WIMP DETECTION



Ring that is 27 km around.
Two proton beams traveling underground in opposite 
directions collide at the locations of the detectors

Large Hadron 
Collider at CERN

FIRST WAY TO SEARCH FOR WIMPS

Nothing found yet: could require higher energy collider



A WIMP in the Galaxy 
travels through our               
detectors. It hits a 
nucleus, and deposits
a tiny amount of energy.  
The nucleus recoils, 
and we detect
this energy deposit. 

Expected Rate: less than one count/kg/day!

DIRECT DETECTION OF 
WIMP DARK MATTER



How did I get into Dark Matter?

PhD Advisor at Univ of Chicago, David Schramm
One of the founders of astroparticle physics



Drukier and Stodolsky (1984)
proposed neutrino detection via weak 

scattering off nuclei

Andrzej
Drukier

Leo Stodolsky



GOODMAN AND WITTEN (1986)
turned same approach to DM 

detection 



Drukier, Freese, & Spergel (1986) 
We studied the WIMPs in the Galaxy and the 
particle physics of the interactions to compute 
expected count rates, and we proposed annual 

modulation to identify a WIMP signal



Event rate

€ 

dR
dE

=
NT

MT

×
dσ
dE

× nv f (v, t)d3v∫

(number of events)/(kg of detector)/(keV of recoil energy)

€ 

=
ρσ 0F

2(q)
2mµ2

f (v, t)
v

d3v
v> ME / 2µ 2∫

Spin-independent

Spin-dependent

€ 
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Canonical DM distribution in halo

    

Typical particle speed  is about 270 km/sec.



UNDERGROUND DARK MATTER 
LABORATORIES WORLDWIDE

COSINE-100



WIMP detectors must be in 
underground laboratories

BIGGEST PROBLEM:
COMPETING BACKGROUND
SIGNALS FROM 
COSMIC RAYS OR
RADIOACTIVITY:
MUST DO EXPERIMENTS 
UNDERGROUND, 
IN MINES OR UNDER 
MOUNTAINS

Need to 
shield
 from 
Cosmic 
Rays

XENON experiment in Gran Sasso Tunnel 







DAMA annual modulation
Drukier, Freese, and Spergel (1986); 
Freese, Frieman, and Gould (1988)

NaI crystals in Gran Sasso Tunnel under the Apennine 
Mountains near Rome.

Data do show modulation at 12 sigma! Peak in June, 
minimum in December (as predicted).  Are these 

WIMPs?? 





Bounds on Spin Independent 
WIMPs PDG 2014

BUT:
--- it’s hard to 
compare results 
from different 
detector materials
(DAMA is NaI vs.
Xenon or Ge etc)



To test DAMA
n DAMA data down to keV imply DAMA all by 

itself is not compatible with SI scattering

n Other groups are using NaI crystals:
n COSINE-100
n SABRE
n ANAIS
n COSINUS

Baum, Freese,Kelso 2018



COSINE-100 does not confirm 
DAMA annual modulation









DNA/RNA Tracker: directional 
detector with nanometer resolution

WIMP from
 galaxy knocks
 out Au nucleus,
 which traverses
 DNA strings,
 severing the 
 strand whenever
 it hits.

1 kg Gold, 1 kg ssDNA, identical sequences of bases 
with an order that is well known
, BEADED CURTAIN OF ssDNA

Drukier, KF, Lopez, Spergel, Cantor,
Church, Sano



Paleodetectors

WIMPs leave tracks in ancient 
minerals from 10km below the 
surface of the Earth.  

Collecting tracks for 500 Myr.

Backgrounds: Ur-238 decay 
and fission
Take advantage of nanotools: can 
identify nanometer tracks in 3D

Baum, Drukier, Freese, Gorski, 
 Stengel    arXiv:1806.05991

article in 
New Scientist

Pat Stengel      Sebastian Baum



Projected sensitivity of paleodetectors
2106.06559 (w Tom Edwards)



Mineral Detection of Neutrinos 
and Dark Matter. A Whitepaper 

n Annual c

https://arxiv.org/pdf/2301.07118.pdf

Color Centers:
Vacancies in crystal lattice, 
e pairs fill in, get excited and fluoresce,
the crystal changes color

Recoiling nuclei lead to defects:
Nm Fission tracks, vacancies in crystal lattice, etc

Biannual Conferences
Trieste 2022
Wash DC 2024

Useful for DM, SN neutrinos, CR, 
Nuclear nonproliferation, etc
Active experimental effort



Third Way to Search for WIMPs:
Indirect Detection of WIMP Annihilation

Many WIMPs are their own
antiparticles, annihilate 
among themselves:
•1) Early Universe gives WIMP
miracle
•2) Indirect Detection expts
look for annihilation products
•3) Same process can power
Stars (dark stars)

c
c

W+

W-

e+ n q

q

p

p0

g g

e+
g

DMDM
DM

Gamma
Rays

positrons

neutrinos



INDIRECT 
DETECTION of 
HIGH ENERGY 

PHOTONS 
(GAMMA-RAYS)

 Are they from DM 
annihilation?

THE FERMI 
SATELLITE



The gamma ray sky

Doug Finkbeiner (Fermi Bubbles)



Talk of
Dan Hooper





Fourth Way:  Find Dark Stars (hydrogen 
stars powered by dark matter) in James 

Webb Space Telescope, sequel to Hubble    
Space TelescopeW Doug Spolyar, P. Gondolo



Collaborators

Doug Spolyar Paolo Gondolo

Peter 
Bodenheimer

Tanja 
Rindler
-Daller

Pearl 
Sandick

Cosmin 
Ilie

Luca
Visinelli



Dark Stars
The first stars to form in the history of the universe may 

be powered by Dark Matter annihilation rather than by 
Fusion. Dark stars are made almost entirely of 
hydrogen and helium, with dark matter constituting 
0.1% of the mass of the star).

n This new phase of stellar evolution may last millions to billions of 
years

n Dark Stars can grow to be very large: up to ten million times the 
mass of the Sun. Supermassive DS are very bright, up to ten 
billion times as bright as the Sun

n Once the Dark Matter runs out, the DS has a fusion phase 
before collapsing to a big black hole



Basic Picture
n The first stars form 200 million years after the Big 

Bang in the centers of protogalaxies --- right in the 
DM rich center.

n As a gas cloud cools and collapses en route to star 
formation,  the cloud pulls in more DM 
gravitationally.

n DM annihilation products typically include e+/e- and 
photons.  These collide with hydrogen, are trapped 
inside the cloud, and heat it up.

n At a high enough DM density, the DM heating 
overwhelms any cooling mechanisms; the cloud can 
no longer continue to cool and collapse. A Dark Star 
is born, powered by DM.



n JWST found ~ 700 high redshift objects with z > 10. 
They call them “galaxy candidates”

n Too many galaxies for Lambda CDM
n Are some of them Dark Stars?
n NIRSPEC on JWST has spectra for 9 of these; so far 

5 are on the arxiv or published.. 
(W/out spectra, can’t be sure of redshift; some are low redshift)

n Specifically, JADES has four.  So far, these are the 
ones we have studied.

n OUR RESULTS: Three of the four hi-z JWST objects 
we studied are consistent with Dark Stars

n New data: one of them has metal lines (not a DS?)_.

The Bottom Line

(JWST Advanced Extragalactic Survey)



The role of Weakly Interacting 
Massive Particles (WIMPs) or 
Self Interacting Dark Matter
n Re WIMPs:
     Mass 1Gev-10TeV (canonical 100GeV)
     Annihilation cross section (WIMPS):

Same annihilation that leads to correct WIMP 
abundance in today’s universe

Same annihilation that gives potentially 
observable signal in FERMI, PAMELA, AMS€ 

<σv>ann=3×10−26cm3 /sec



Dark Matter Heating
Heating rate:

Fraction of annihilation energy 
deposited in the gas:

€ 

Qann =nχ
2 <σv>× mχ

€ 

=
ρχ
2 <σv>
mχ

€ 

ΓDMHeating= fQ Qann

€ 

fQ :
1/3 electrons
1/3 photons
1/3 neutrinos



Dark Matter Power vs. Fusion

n DM annihilation is (roughly) 100% efficient in the sense that all 
of the particle mass is converted to heat energy for the star

n Fusion, on the other hand, is only 1% efficient (only a fraction of 
the nuclear mass is released as energy)

n Fusion only takes place at the center of the star where the 
temperature is high enough; vs. DM annihilation takes place 
throughout the star.



Three Conditions for Dark Stars  
(Spolyar, Freese, Gondolo 2007 aka Paper 1)

n I) Sufficiently High Dark Matter Density ?
n 2) Annihilation Products get stuck in star ?
n 3) DM Heating beats H2 Cooling ?
          New Phase



DS Basic Properties 

• We find that DS are big puffy objects:
–  Massive: can grow to 107 M¤ 
– Large- 10 a.u. (radius of Earth’s orbit around Sun)
– Luminous:  up to 1010 L¤

– Cool: 10,000 K vs. 100,000 K plus
• Will not reionize the universe.

–  Long lived:  more than 106 years, even till today?.
– With Capture or nonCircular orbits, get even more 

massive, brighter, and longer lived



Building up the mass

n Start with a few M¤ Dark Star, find equilibrium 
solution

n Accrete mass, one M¤ at a time, always finding 
equilibrium solutions

n N.b. as accrete baryons, pull in more DM, which 
then annihilates

n Continue until you run out of DM fuel  
n VERY LARGE FIRST STARS. Then, star 

contracts further, temperature increases, fusion 
will turn on, eventually make black hole

n The largest ones collapse directly to black holes



Super Massive DS due to extended adiabatic contraction since 
 reservoir has been replenished due to orbital structure

Assuming all of 
the baryons can 
accrete in a 106 

M ¤ halo



What happens next?
BIG BLACK HOLES

• Star reaches T=107K, fusion sets in.
• A. Heger finds that fusion powered stars 

heavier than 153,000 solar masses are 
unstable and collapse directly to BH

• Less massive ones live a million years, then 
collapse to Black Holes

• Helps explain observed black holes:
• (i) in centers of galaxies
• (ii) billion solar mass BH in the early 

Universe: the BIG BLACK HOLE PROBLEM
• (iii) intermediate mass BH

.



X-B Wu et al. Nature 518, 512-515 (2015) doi:10.1038/nature14241

SupperMassive Black holes from Dark Stars
Very Massive progenitor Million Solar Masses at z=6
Challenging to form supermassive BH this early

Challenging to form 1010 M⦿





James Webb Space Telescope

Has JWST discovered Supermassive Dark Stars: 
They would be a billion times brighter than the Sun
But the same temperature as the Sun. Unique signature.



OBSERVING DARK STARS
 DS Spectrum from TLUSTY (stellar atmospheres 

code)

n.b. DS are made 
of hydrogen and 
helium only



Dark Star spectra

Assumes
z =10
object



Dark Stars in JWST



Million solar mass SMDS as 
H-band dropout

(see in 2.0 micron but not 1.5 micron filter, 
          implying it’s a z=12 object)



Jades z13

Jades z12

Jades z11

Of 5 objects in JWST data with 
spectra: 3 could be Dark Stars!



Cosmin Ilie

Colgate University
Jillian Paulin



Criteria for hi-z objects to be 
Supermassive Dark Star candidates

• 1) Point object (SMDS) vs. resolved (galaxy)
• 2) DS spectra match data. We used 

photometric data (not noisy spectra for which 
data are not public).

• 3) Dark stars predict HeII1640 absorption 
line vs. galaxies predict emission line and a 
lot of other lines too. Spectra are too noisy 
so far but will get better with longer 
exposure. 



All four JADES objects could 
be point objects

• Authors fit to spectral SEDs plus to 
galaxy profile (Sersic) and claimed best 
fit sizes of 0.04” and 0.02”, ~ the size of 
one NIRCam pixel, and one order of 
magnitude below the resolution limit 
~0.1”



SMDS fits to JWST photometric data 
(brightness in 9 wavelength bands)

• Jillian Paulin did MCMC to optimize 
chi^2 for Dark Matter mass m= 100GeV 
with three parameters:

• Mass of SMDS (104,105, 106)M¤

• Redshift of object
• Magnification due to lensing
    n.b. could be mu=10,                                     
or, most lines of light have mu < 1

(Wang, Holz, Wald)







Criteria for hi-z objects to be 
Supermassive Dark Star candidates

• 1) Point object (SMDS) vs. resolved (galaxy)
• 2) DS spectra match data. We used 

photometric data (not noisy spectra for which 
data are not public).

• 3) Dark stars predict HeII1640 absorption 
line vs. galaxies predict emission line and a 
lot of other lines too. Spectra are too noisy 
so far but will get better with longer exposure 
and for brightest highly magnified objects.



GNz11:    An object with 
beautiful spectrum: a galaxy



Best bet to distinguish SMDS 
vs. early galaxies

• HeII 1640 absorption line is smoking gun 
for SMDS. 

• Need to get better spectra: take data for a 
longer time, find a highly magnified object

• Also: Since SMDS are point object, maybe 
find Airy (diffraction) pattern if it’s a strong 
signal (magnified bright object)

• Also: at lambda>5 micron, spectra differ!



• JWST has found ~ 700 high redshift objects with z > 
10. They call them “galaxy candidates”

• Too many galaxies for Lambda CDM
• Are some of them Dark Stars?
• NIRSPEC on JWST has spectra for 9 of these; so far 

5 are on the arxiv or published.. 
(W/out spectra, can’t be sure of redshift; some are low redshift)

• Specifically, JADES has four.  So far, these are the 
ones we have studied.

• OUR RESULTS: Three of the four hi-z JWST objects 
we studied are consistent with Dark Stars

• New data: one of them has metal lines (not a DS?)_.

The Bottom Line

(JWST Advanced Extragalactic Survey)



Roman Space Telescope

• SMDS are also visible in RST which has 
MUCH larger field of view, making them 
easier to find.

• Find them with RST, then go study them 
with JWST which has much better angular 
resolution (n.b. JWST also goes to higher 
wavelength and hence higher z).

• Paper with Saiyang Zhang (student) and 
Cosmin Ilie



Dark Stars (conclusion)

• The dark matter can play a crucial role in the first 
stars.  Though made of hydrogen and helium, they 
may be powered by DM heating rather than fusion

• Dark stars may be very massive (up to ten million 
M¤) and bright (up to ten billion solar luminosities), 
and can be precursors to Supermassive Black Holes

• SMDS may already have been discovered by JWST; 
need to find He absorption line as smoking gun

• SMDS are also detectable in Roman Space 
Telescope

• WIMPs and their properties could first be detected 
by discovering Dark Stars



Summary:
Surprising Results and Big new 
Results 
n Surprising Results:
n Time dependence of Dark Energy in DESI??
n Hubble Tension ??
n Sigma_8 tension ??
n Negative Neutrino Mass from DESI??
n Too many and too massive early galaxies found in JWST 

to made sense in LCDM: Could be DARK STARS

n Big New Results of the Conference:
n COSINE-100 vs. DAMA
n XENON hits the neutrino fog




