


The observed universe

The cosmic symphony

Where to start?
The beginning and work forward?
Today and work backwards?
Historical developments? 

Classical issues with the Standard Model
 Age
 Flatness
 Unwanted relics
 Why homo/iso
Inflation
 Density perturbations and gravitational waves
 Reheating
Dark Matter
 Evidence
 Particle Dark Matter
 Freeze-in/Freeze-out
 Axions, Axion-like particles
Dark Energy
 Evidence
 If L, why so small?
BBN
 Limits on neutrino properties
CMB
 Temperature
 Sound Horizon

Relativistic Cosmology
 Lightning Review of GR
 The Cosmological Principle
 Einstein’s Static Universe
 Friedmann Blows Up the Universe
 Friedmann Equation
 Lemaitre rediscovers Friedmann
 Einstein Becomes a Big Banger

Thermal History
 A primer on Thermodynamics



The Program

Rocky I
 The Universe Observed
 Energy and pressure
 The Friedmann equation
 Primordial origin of Dark Matter 

#

Rocky II
 Primordial Inflation
 Baryo/Leptogenesis
 CMB*

 Dark Energy
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Baumann, Cosmology

 Dodelson, Modern Cosmology

 Hooper, Particle Cosmology & Astrophysics

 Kolb & Turner, The Early Universe

 Lyth and Liddle, The Primordial Density Perturbation

 Mukhanov, Physical Foundations of Cosmology

 Weinberg, Cosmology

Some Reference Texts
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Standard Cosmology

Pillars of Standard Cosmology

Where I live



The Standard Cosmology (LCDM)
• Gravity described by General Relativity.

• Big Bang: Universe emerged from a state of high density, energy, and 
temperature a finite time in the past, expanding according to Einstein’s equations.

• L: Einstein’s Cosmological Constant (dark energy).

• CDM: Cold Dark Matter.

• An inflationary era very early in the expansion history that set the primordial 
temperature and density perturbations.

• The standard model of particle and nuclear physics (+ DM + DE + inflation).

• Primordial density perturbations grew via gravitational instability (aided by dark 
matter) to form large-scale structure.



later than
60,000 years

earlier than
60,000 years

relicepochmovementexpansion
tempo

???tPlanck = 10 -43sstringpizzicato

CMB fluctuations
gravitational waves
seeds of structure

inflationpresto
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light elementsradiationallegro

growth of structure:
galaxies, clusters,…matterandante

acceleration of
the universe

day before
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Cosmic Symphony (Harmonice Mundi)

tinflation = 10 -35s



The Standard Cosmology (LCDM)

• Most predictive cosmological model, in agreement with (almost) all 
observational data.

• But not without issues and questions:

o 95% of the present universe is dark energy and dark matter, which we 
don’t understand.  (Beyond the Standard Model of particle physics.)

o Cosmic inflation is phenomenological success, but without grounding in 
a fundamental theory.  (Beyond the Standard Model of particle physics.)

o Why is there a universe, why are there only 3 spatial dimensions, why 
did structure form so early, …?

• But premature to say, “Cosmology is in Crisis.”





By Adam Frank and Marcelo Gleiser
Dr. Frank is an astrophysicist at the University of Rochester. 
Dr. Gleiser is a theore8cal physicist at Dartmouth College.







The “crisis in cosmology” is
pure exaggera5on Ethan Siegel
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Observer’s View of the Universe

Inhomogeneous, rich structure,
full of stars, black holes, galaxies, clusters, ….

NGC 6070JWST



smooth (homogeneous and isotropic) 
full of dark matter and dark energy

Actual image of dark matter

Theorist’s View of the Universe



Observer’s View of the Universe

Temperature fluctuations 𝓞(10-5) in the CMB
What is their origin?  Inflation! 

Planck



Theorist’s View of the Universe

Temperature remarkably uniform
Why so smooth?  Inflation!



Ten Commandments of Modern Genesis  

Gemäldegalerie

!! "
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<latexit sha1_base64="PuZHk63N9ERDcW92mocUG8eDyEs=">AAACGHicjVDLSgMxFL1TX7W+Rt0IboJFcGPtFKndCAUXuqzFPqBTSibN1NBMZkgyQhnmM9z4K25cKOK2O//GtBVfKHjgwsk593JzjxdxpnSx+Gpl5uYXFpeyy7mV1bX1DXtzq6nCWBLaICEPZdvDinImaEMzzWk7khQHHqctb3g28Vs3VCoWiis9img3wAPBfEawNlLPPjrvJW4QuyJO0Smqfz4OXV9ikjhpUkoHH3K9Z+edQnEK9DfJV3dgilrPHrv9kMQBFZpwrFTHKUa6m2CpGeE0zbmxohEmQzygHUMFDqjqJtPDUrRvlD7yQ2lKaDRVv04kOFBqFHimM8D6Wv30JuJvXifWfqWbMBHFmgoyW+THHOkQTVJCfSYp0XxkCCaSmb8ico1NINpkmftfCM1SwSkXypfH+WpllgZkYRf24AAcOIEqXEANGkDgFu7hEZ6sO+vBerZeZq0Z631mG77BGr8BgWegwA==</latexit>

Gµ⌫ = Rµ⌫ � 1

2
gµ⌫R



Einstein’s 1917 Static World Model

1. Assumed the cosmological principle: “All 
locations in the universe are equivalent; in 
particular the locally averaged density of stellar 
matter should therefore be the same 
everywhere.”

2. Assumed the universe was spherical (finite 
volume), space curved.  Boundary condition on 
space: space has no boundary.

3. Assumed the universe is “static” (no beginning, 
no end): Boundary condition on time: time has 
no boundary.
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Einstein’s 1917 Static World Model
1. “All locations in the universe are equivalent; in particular the locally averaged density 

of stellar matter should therefore be the same everywhere.”

2. Space is finite, hence spherical.

3. “Spatial structure and density should be constant over time.”

4. Dynamics determined by Einstein field equations of general relativity.

1. Implies there is one dynamical variable, constant in space: the scale factor “P(t)”
2. Implies that P is the “radius of the universe.” 
3. Implies that P is constant in time 
4. Implies that P satisfies the system of equations
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P = scale factor (radius of universe) 
P′′ = acceleration
P′ = velocity
k = 8p GN
r = mass density

Einstein’s 1915-1916 field equations do not admit a static solution.



Gemäldegalerie
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Ten Commandments of Modern Genesis  



Einstein’s 1917 Static World Model
Starting with a universe full of stars

Assumed 
1. the cosmological principle: “All locations in the universe are equivalent; 

in particular the locally averaged density of stellar matter should 
therefore be the same everywhere.”

2. the universe was spherical (finite volume), space curved. 
3. the universe is “static.”

Original field equations do not admit a static solution.

Added a cosmological constant.

Could calculate the volume of the universe in terms of l and the stellar density.



Einstein’s 1917 Static World Model
1. “All locations in the universe are equivalent; in particular the locally averaged density 

of stellar matter should therefore be the same everywhere.” [Cosmological Principle]

2. “Spatial structure and density should be constant over time.”

3. Space is finite, hence spherical.

4. Dynamics determined by Einstein field equations of general relativity.

1. Implies there is one dynamical variable, constant in space: the scale factor “P(t)”
2. Implies that P is the “radius of the universe.” 
3. Implies that P is constant in time 
4. Implies that P satisfies the system of equations

P = scale factor (radius of universe) 
P′ = velocity
P′′ = acceleration
k = 8p G
r = mass density

! !
!

! !
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κ ρλ = =

Einstein’s 1915-1916 field equations do not admit a static solution.

They do with the introduction of l.
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Einstein’s 1917 Static World Model
1. “All locations in the universe are equivalent; in particular the locally averaged density 

of stellar matter should therefore be the same everywhere.” [Cosmological Principle]

2. “Spatial structure and density should be constant over time.”

3. Space is finite, hence spherical.

4. Dynamics determined by Einstein field equations of general relativity.

1. Implies there is one dynamical variable, constant in space: the scale factor “P(t)”
2. Implies that P is constant in time 
3. Implies that P is the “radius of the universe.” 
4. Implies that P satisfies the system of equations

P = scale factor (radius of universe) 
P′ = velocity
P′′ = acceleration
k = 8p G
r = mass density
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Einstein’s 1915-1916 field equations do not admit a static solution.

They do with the introduction of l.
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University of Chicago    1909 National Champions

Hubble



Hubble Recommendation Letters From the UChicago Archives

“… physically, he is a splendid specimen…”
“… magnificent physique ….”
“… manly …”
“… loveable character …”



s
Hubble’s 1929 Discovery Paper
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v = H0d

H0 = 500 km s�1Mpc



Riess et al astro-ph/9410054

Hubble’s
data
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h = .674± 0.005 CMB Planck 2018

h = .7304± 0.0104 Cepheids Riess 2024

h = .704± 0.012± .013 TRGB Freedman 2025

h = 1/
p
2 = 0.707 Kolb unpublished

Hubble
tension



JWST Hubble Program 57
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Hubble Constant PDFs

Planck H0 = 67.4 ± 0.5 km s
�1

Mpc

DESI H0 = 68.5 ± 0.8 km s
�1

Mpc

CCHP TRGB H0 = 70.4 ± 1.9 km s
�1

Mpc

Planck

CCHP TRGB

DESI

Figure 18. Relative probability densities for Planck, DESI and the current CCHP TRGB
measurement. The results are consistent, to within their uncertainties.

are more likely to disproportionately impact the measurement of H0 due to the

currently small number of calibrator SNe Ia.

16. SUMMARY AND CONCLUSIONS

The infrared sensitivity and high resolution of JWST o!er a powerful new means

of measuring the distances to nearby galaxies, enabling independent determinations of

H0. In this study, we measured new distances to 10 nearby galaxies using JWST ob-

servations of TRGB and JAGB/carbon stars, all of which have well-observed SNe Ia.

The JAGB distance scale analysis, from raw data to H0 determination, was conducted

blindly. A comparison of the galaxy-to-galaxy TRGB and JAGB distances yielded

an average di!erence of less than 1%. This level of consistency marks a significant

advancement compared to recent decades.

A primary uncertainty in local H0 measurements using SNe Ia (e.g., SHoES or

CCHP) stems from the limited number of nearby calibrating SN Ia host galaxies. This

scarcity arises from the rarity of SNe Ia, and as a result, there are few galaxies in the

Freedman et al. (2025) 2408.06153v2
Using only JWST + SNe

H0 = 68.81±1.79±1.32 TRGB 

H0 = 67.80±2.17±1.64 JAGB 

“Our results are consistent with 
the current standard LCDM 
model without the need for the 
inclusion of new physics.” 

H0 = 70.4±1.2±1.3 TRGB 

Using HST +JWST + SNe
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+ r2d⌦2

◆

Big-Bang Theory

Robertson-Walker metric Perfect-fluid stress tensorGµn = 8p GNTµn

Often convenient to use 
conformal time h

dt = a dh

k = +1,-1, 0 for spherical, 
hyperbolic, or flat 3-spaces. 
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ds2 = a2(⌘)(d⌘2 + d~x2)

a(t) = cosmic scale factor
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⇢ =

p =

Tµ
⌫ = diag(⇢, p, p, p)

energy density
pressure
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Tµn : fluids with different w

• Must specify energy and pressure content of the Universe

• Assume pressure is related to energy density:  pi = wi ri

• Conservation of stress-energy tensor: Tµn
;n = 0 → ri ∝ a-3(1+wi)

Kination:                  pK  = rK                                    w = 1 rK  ∝ a-6

Radiation: pR = rR /3 w = 1/3 rR ∝ a-4 
Matter: pM = 0 w = 0 rM ∝ a-3

Curvature: pk = -rk /3 w = -1/3 rk  ∝ a-2

Vacuum (L): pV = -rV w = -1 rV  ∝ a0 

Perfect-Fluid Stress-Energy Tensor
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Dynamics From Field Equations
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H ⌘ ȧ

a
= expansion rate
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Friedmann equation (G00 = 8p GT00) :  Expansion rate H(z)

( ) ( ) ( ) ( )( ) ( ) ( )! " # " A# #
% &'&()A A A A A !

" # !$ % $ % % % % + = Ω + +Ω + + −Ω + +Ω + 

Hubble const. radiation    matter           curvature        dark energy

CMB         LSS       CMB                 H(z)

1        kination a-6

 1/3     radiation a-4

   0      matter  a-3

        -1/3      curvature a-2

          -1 L  a0

Equation of state parameter:  w = P / r, ri ∝ a-3(1+wi)            w = 

Wi ≡ ri /rC      rC ≡ 3H0
2 / 8p GN     1 + z = a0/a 

r

Expansion Rate Is A Key Quantity



Dark Matter: 
W = 0.25

Dark Energy: 
W = 0.7

Stars:
W = 0.008

H & He Gas:
W = 0.04

Chemical Elements: (other than H & He) 
W = 0.00025

Neutrinos:
W = 0.0017

Radiation: 
W = 0.00005
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rM : (1+z) 3
r
g :  (1+z) 4

L:  (1+z)0

← Past   Future →
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• a(t) & H(t) depend on matter/energy content

• a(t) measurable via redshift

• Redshift z is a proxy for time or scale factor:  1 + z = a0/a(t)

Dynamics ⟹ Evolution
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Evolution of a(t) for Matter + L Flat Models
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a(t) / a0 = mean distance 
between galaxies

today

Flat ΩM  = 1; ΩL = 0

time

Closed ΩM  > 1; ΩL = 0

Open ΩM  < 1; ΩL = 0

ΩM  = 0 ; ΩL = 0

- 14 - 9- 7billion years
From B. Leibundgut

ΩL >  ΩM

1



Dark Matter: 
W = 0.25

Dark Energy: 
W = 0.7

Stars:
W = 0.008

H & He Gas:
W = 0.04

Chemical Elements: (other than H & He) 
W = 0.00025

Neutrinos:
W = 0.0017

Radiation: 
W = 0.00005

ne    nµ
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Sun:  2×1027 tons;   4×1026 watts      ®    Mass/Luminosity = 5 tons/watt

Image: Amanda Smith

Oort 1932 Local Neighborhood Dim 10-15 tons/watt

Jan Oort

Ninety-three Years of Dark Matter



Fritz Zwicky

Described his colleagues as 
“spherical bastards”



Varna, Bulgaria
Zurich, Switzerland
(Spiegelgasse 17)

Fritz Zwicky Vladimir Lenin 1916

Coma Cluster

Image: Jim Misti

Sun:  2×1027 tons;   4×1026 watts      ®    Mass/Luminosity = 5 tons/watt

Oort 1932 Local Neighborhood Dim 10-15 tons/watt

Zwicky 1937 Galaxy Clusters Really Dark   2,500 tons/watt

Ninety-three Years of Dark Matter
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measure v & R → M<R

“outside” of galaxy, measure v & R → MGALAXY 

Dark Matter

(F = ma)



Vera Rubin

expected from stars

dark matter

distance

velocity

100 km/sec

20,000 light years

observed

Sun:  2×1027 tons;   4×1026 watts      ®    Mass/Luminosity = 5 tons/watt

Oort 1932 Local Neighborhood Dim 10-15 tons/watt

Zwicky 1937 Galaxy Clusters Really Dark   2,500 tons/watt

Rubin, Ford & others 1970s Individual Galaxies Also Dark 300 tons/watt

Ninety-three Years of Dark Matter



100,000 light years

Image: M. Geha

Milky Way and the Sixty Dwarfs
11 classical dwarfs (pre-2005)

 20  discovered post-2005 (7 illustrated)

   probably have 50-60 total

Sun:  2×1027 tons;   4×1026 watts             ®        Mass/Luminosity = 5 tons/watt

Oort 1932 Local Neighborhood Dim 10-15 tons/watt

Zwicky 1937 Galaxy Clusters Really Dark   2,500 tons/watt

Rubin, Ford & others 1970s Individual Galaxies Also Dark 300 tons/watt

Dwarf Observers       1990s Dwarf Galaxies Darker Still  15,000 tons/watt

Ninety-three Years of Dark Matter



Star, Galaxy or Cluster

Telescope

Lensing Object

Gravitational Lensing



Gravitational Lensing
The bending of light by gravity makes it possible to measure the mass of a galaxy 
(scale of 10 kiloparsec) or cluster of galaxies (scales of dozens of megaparsec)



Hubble Space
Telescope

Galaxy Cluster
Abell 2218

Gravitational Lensing





cluster dynamics

cluster gas in x-raysgravitational lensing

structure formation cluster collisionsbackground radiation

dwarf galaxies

observed

luminous 
disk

galactic rotation curves

nucleosynthesis



Image: Navarro et al.



What is a Simulation?



Most of the matter is dark and it’s not even “normal” stuff!

We See Only the Tip of the Iceberg



What do we know about dark matter?

1. It doesn’t emit or absorb light (or radiation at any wavelength)

2. It doesn’t seem to interact with any “known” particle

3. It comprises most of the mass in the universe

4. It is associated with galaxies and other large-scale structures

5. We infer its existence by the effect it has on things we do see



•  Mass Challenged Stars

•  Black Holes

•  Rocky Rogue Planets

Massive Compact Halo Object (MACHO)

Dark Matter

•  Unknown Particle Species

•  Einstein or Newton didn’t have the last word
Modified Gravity
MOND (Modified Newtonian Dynamics, i.e., F ≠ m a)

Weakly Interagting Massive Particle (WIMP)



Known Particle Species
AntiquarksQuarks

AntileptonsLeptons

Image: CERN

and now the HIGGS!top         bottom

strange     charm

electron   electron neutrino

muon     muon neutrino

up         down

tau        tau neutrino

Force Carriers

photon     gluon        W           Z         graviton

Dark particle must be “Beyond the Standard Model” (BSM)
Dark particle must be stable and massive and interact weakly

?



Let 103 flowers bloom?



… invisible things are passing through you!

about 1 million-million will pass through you during this class,

about a hundred million are in this room at any instant

but you can’t see them, feel them, or smell them, and yet …

flying around at about a half million miles per hour,

A mysterious, invisible particle species is all around us,

A Fantastical Story!

… they shape the large-scale structure of the Universe.

Don’t look now, but …

Image: Navarro et al.

a relic of the first fraction of a second of the Universe,



• sub-eV mass neutrinos (WIMPs exist!)    (hot)

• sterile neutrinos, gravitini                      (warm)

• lightest supersymmetric particle             (cold)

• lightest Kaluza-Klein particle                  (cold)

• Bose-Einstein condensates

• axions, axion clusters

• solitons (Q-balls, B-balls, …)

• supermassive wimpzillas             from inflation

Interaction Strength
only gravitational: wimpzillas
strongly interacting: B balls

thermal relics  
or decay of or
oscillation from 
thermal relics    

nonthermal
relics

Particle Dark Matter Bestiary

Mass
10-22 eV  (10-56 g) Bose-Einstein 
10-8 Mʘ  (10+25 g)  axion clusters

from phase 
transitions
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ṅ� + 3Hn� =
1

(2⇡)8

Z
d
3
p 1

2E 1

Z
d
3
p 2

2E 2

Z
d
3
p�1

2E�1

Z
d
3
p�2

2E�2

[f(p 1)f(p 2)� f(p�1)f(p�2)]

⇥ |M�1�2! 1 2 |
2
�
4(p 1 + p 2 � p�1 � p�2)

Freeze Out
Details in classic paper of Gondolo and Gelmini NPB360 (1991) 145

Consider a massive particle species c, with mass m.

Assuming M-B statistics with phase-space density               
(no stimulated emission or Pauli blocking)

Creation and annihilation of c through interaction with a light field y

Boltzmann equation for evolution of nY (in absence of scattering,                      ) 

Have assumed 

<latexit sha1_base64="wEtEKI1P8VIztMm+HGRCXHdHfoo=">AAAB8HicbVBNSwMxEJ2tX7V+Vb0IXoJFqJeyW6T2WPDisYL9kHYp2TTbhibZJckKZemv8OJBEa/+HG/+G9NtD9r6YODx3gwz84KYM21c99vJbWxube/kdwt7+weHR8Xjk7aOEkVoi0Q8Ut0Aa8qZpC3DDKfdWFEsAk47weR27neeqNIskg9mGlNf4JFkISPYWOkxLMeDPhmzq0Gx5FbcDGideEtSapxBhuag+NUfRiQRVBrCsdY9z42Nn2JlGOF0VugnmsaYTPCI9iyVWFDtp9nBM3RplSEKI2VLGpSpvydSLLSeisB2CmzGetWbi/95vcSEdT9lMk4MlWSxKEw4MhGaf4+GTFFi+NQSTBSztyIyxgoTYzMq2BC81ZfXSbta8WqV2v11qVFfpAF5OIcLKIMHN9CAO2hCCwgIeIZXeHOU8+K8Ox+L1pyznDmFP3A+fwCKEJBD</latexit>

f(p�)

<latexit sha1_base64="tzTpXkMwET0X2GaaHufpy+bV6UM=">AAAB/XicbVDLSsNAFL2pr1pf8bEQ3ASL4MaSqNQuC25cVrAPaGKYTCft0MkkzEyEGoq/4saFIm79D3f+jdO0C209cOFwzr3ce0+QMCqVbX8bhaXlldW14nppY3Nre8fc3WvJOBWYNHHMYtEJkCSMctJUVDHSSQRBUcBIOxheT/z2AxGSxvxOjRLiRajPaUgxUlryzQPuu3hA3UTEiYotdJ+dXYx9s2xX7BzWInFmpFw/hBwN3/xyezFOI8IVZkjKrmMnysuQUBQzMi65qSQJwkPUJ11NOYqI9LL8+rF1opWeFcZCF1dWrv6eyFAk5SgKdGeE1EDOexPxP6+bqrDmZZQnqSIcTxeFKbP0n5MorB4VBCs20gRhQfWtFh4ggbDSgZV0CM78y4ukdV5xqpXq7WW5XpumAUU4gmM4BQeuoA430IAmYHiEZ3iFN+PJeDHejY9pa8GYzezDHxifP6cKlWA=</latexit>

n� / a�3

<latexit sha1_base64="b7jAltDTpR1svSSQt8c38EgYH7Q="></latexit>

|M 1 2!�1�2 |
2 = |M�1�2! 1 2 |

2

<latexit sha1_base64="zVDTCkrpOvaBN79GcKGjbL26KQM=">AAACFHicbVDLSgNBEOz1GeMr6kXwMhgEQQi7QWKOAS8eI5gHZEOYncwmQ2YfzPQqIeQjvPgrXjwo4tWDN//G2U0OmlgwdFHVTU+XF0uh0ba/rZXVtfWNzdxWfntnd2+/cHDY1FGiGG+wSEaq7VHNpQh5AwVK3o4Vp4EnecsbXad+654rLaLwDscx7wZ0EApfMIpG6hUu3FiLnjMrZeJK7qMSgyFSpaIH4rJh5qal3CsU7ZKdgSwTZ06KtWPIUO8Vvtx+xJKAh8gk1brj2DF2J1ShYJJP826ieUzZiA54x9CQBlx3J9lRU3JmlD7xI2VeiCRTf09MaKD1OPBMZ0BxqBe9VPzP6yToV7sTEcYJ8pDNFvmJJBiRNCHSF4ozlGNDKFPC/JWwIVWUockxb0JwFk9eJs1yyamUKreXxVp1lgbk4ARO4RwcuIIa3EAdGsDgEZ7hFd6sJ+vFerc+Zq0r1nzmCP7A+vwBJxSeSg==</latexit>

 1 +  2 $ �1 + �2



Freeze Out

Kinetic Equilibrium and Chemical Equilibrium of a particle X:
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Kinetic equilibrium if rate of reactions that change the energy of a particle is ≫ H, e.g., 
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Chemical equilibrium if rate of reactions that change the number of particles is ≫ H, e.g., 

In almost all cases, rate for kinetic equilibrium ≫ rate for chemical equilibrium  
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Freeze Out

Assume light particle in chemical equilibrium: 

Rearrange: 
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Freeze Out

Annihilation cross section for                                            :
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Freeze Out
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Now assume  c in Kinetic Equilibrium:
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Freeze Out
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Freeze Out
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• I lost factors of 2p along the way, but the result is right.

• Have to account for identical particles in initial and final states.

• Take account of spin states.

• Need initial conditions
• If at high temperatures (T ≫ m)                          then “Freeze OUT”

• If at high temperatures (T ≫ m)                          then “Freeze IN”

• When                                                                                                  and                 frozen.

• More details in Goldolo and Gelmini.
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Freeze Out
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• Convenient to track                          , s is the entropy density 
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For most of history of the universe all species at same temperature and 
<latexit sha1_base64="+3JCykGvh3lNUzvHf7cUAV+5LyI=">AAAB83icbVBNS8NAEJ3Ur1q/ql4EL4tFkB5KUqT2IhS8eKxgP6ANYbPdpEs3m7C7EUro3/DiQRGv/hlv/hu3aQ/a+mDg8d4MM/P8hDOlbfvbKmxsbm3vFHdLe/sHh0fl45OuilNJaIfEPJZ9HyvKmaAdzTSn/URSHPmc9vzJ3dzvPVGpWCwe9TShboRDwQJGsDbSMPSyqpqhWxR6Va9csWt2DrROnCWptM4gR9srfw1HMUkjKjThWKmBYyfazbDUjHA6Kw1TRRNMJjikA0MFjqhys/zmGbo0yggFsTQlNMrV3xMZjpSaRr7pjLAeq1VvLv7nDVIdNN2MiSTVVJDFoiDlSMdoHgAaMUmJ5lNDMJHM3IrIGEtMtImpZEJwVl9eJ916zWnUGg/XlVZzkQYU4Rwu4AocuIEW3EMbOkAggWd4hTcrtV6sd+tj0VqwljOn8AfW5w8RPZET</latexit>

g⇤s = g⇤

• And track evolution in x = m/T rather than time
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Freeze Out of a Cold Thermal Relic

Freeze-out value of Y
determines present 
mass density
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⟨𝜎𝐴v⟩ = 

NR annihilation
cross section
×	Møller flux
(thermal avg.) 

Wh2 » 0.11 ´
10-36 cm2

⟨s𝐴v⟩

10-36 cm2 = a 2

(150 GeV) 2

weak scale!

• velocity dependence
• resonances
• co-annihilation
• log dependence on M
• decay production
• spin-dependence
• asymmetries
• …

Not quite so clean:



… often used to give an 
impression of great and 
unusual value in a trivial 
context …

The WIMP “Miracle”

        mir·a·cle 
        \ˈmir-i-kəl \
             noun 
  

1 : an extraordinary event manifesting
    divine intervention in human affairs

I think you should be more 
explicit here in step two

S. Harris

WIMPs: BSM (but not far BSM)
Interact with Standard Model particles (but “weakly”)



Indirect Detection

WIMP STANDARD-MODEL
PARTICLE

Relic Abundance 

Collider Production

Direct
DetectionWh2

WIMPs

WIMP STANDARD-MODEL
PARTICLE

Momodesigns



COUPP CDMS

Xenon

CoGeNT
( +  EDELWEISS, 
DAMA, EURECA, 
ZEPLIN, DEAP, ArDM, 
WARP, LUX, SIMPLE, 
PICASSO, DMTPC, 
DRIFT, KIMS, LUX, 
ARDM, ANAIS, CDEX 
PandaX, DarkSide, 
DAMA/LIBRA …)

Direct Detection (Matt Pyle)
CRESST



Wimps

Indirect Detection

Galactic Center
Dwarf Spheroidals
DM Clumps, Sun, …



Indirect Detection

• Galactic Center
know where to look
largest signal
largest backgrounds

• Nearby subclumps
don’t know where to look
signal down 10-3

clean: no baryons

• Dwarf spheroidals
know where to look (about 20)
signal down another 10-3

clean: very few baryons

Where to look for it

• Charged particles: p, high-energy e-e+

astronomical backgrounds
easy to detect
bent by magnetic field

• Continuum photons, neutrinos
astronomical backgrounds
g  easy to detect
n hard to detect/often not dominant

• Monoenergetic photon line (cc ® gg )
low background
(probably) low signal
“golden” detection channel

What  to look for 
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(M/L) > 3000

[   particle physics   ]   [ J factor (astronomy) ]
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ATIC Fermi/GLAST

IceCube

AMS-02

Veritas 

H.E.S.S. 

MAGIC

PAMELA

Indirect Detection



WIMPs at the LHC

Looking for an
invisible

needle in a haystack



Most popular paradigm: cold thermal relic*

* An object of particular veneration.

• DM abundance set by creation/annihilation with standard-model particles

• Equilibrium abundance of DM determined by M / T (no asymmetry)

• DM species final abundance determined by

“freeze-out” of equilibrium, or

“freeze-in” to final abundance

• Freeze-out/in: interplay between 

 particle physics (DM—SM interactions)  and cosmology (expansion rate)

! "χ

! !χ γ

Freeze-in

Freeze-out

Equilibrium



Direct, Indirect, Accelerator
Where is the WIMP?

No signal in direct (DAMA?), indirect (galactic center g – ray excess?), or accelerator searches.

Even more troubling, no sign of BSM physics at LHC.

This doesn’t seem to be the decade of the WIMP!!!

(Perhaps) DM is NOT a WIMP (cold thermal relic), time to focus elsewhere

go lighter                  go ultralight            go ultraheavy         boldly go where no
dark sector            axion, dark photon        WIMPzilla          one has gone before



Dark Matter particle mass range

Mass Range for Particle Dark Matter

m ≥ 10-22 eV: de Broglie wavelength smaller than dark-matter dominated objects

m ≤ 1019 GeV: mass less than Planck mass

m ≥ few eV:  if fermion (exclusion principle)

If thermal freeze-out

m ≥ me : annihilation to SM particles

m ≤ 100 TeV: annihilation cross section too small for larger masses

Is Dark Matter a Particle Or a Wave?

m ≤ 1 eV: occupation number in de Broglie-wavelength volume ≥ 1 ® WAVE

m ≥ 1 eV: occupation number in de Broglie-wavelength volume ≤ 1 ® PARTICLE



Dark Matter particle mass range (mere 41 orders of magnitude)

Plancktons:     m  ~ mPlanck = 1019 GeV

WIMPzillas:     m ~ minflaton = 1010 – 1013 GeV

Supermassive:    m > 100 TeV

WIMP range (e.g., neutralino):  mproton < m < 1 TeV

Light dark matter (e.g., dark photon): melectron < m < mproton

Ultralight dark matter (e.g., axion): m < 1 eV

Fuzzy dark matter:    m ~ 10-22 eV



Is Dark Matter Really a WIMP?

• Observa1on/experiment will tell!

• So far, a<er 30 years of effort nothing definite seen.  

•  

• or, …

• Pursue other ideas.

• Hope for a disrup1ve discovery.

KEEP 
CALM
AND

CARRY ON SEARCHING 
FOR 

DARK MATTER
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• Cosmological parameters (just numbers)

• Power spectra–characterization of perturbations:
        Galaxies: P(k)               Radiation:

H0 → the present expansion rate (Hubble’s constant)

Wi → the present cosmic food chain
   ( WTOTAL, WM, WB, WL, Wg , Wn , …)

T0 → the present temperature of the Universe

t0 → the present age of the Universe

The Universe Observed


