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The Standard Cosmology (ΛCDM) in plain English

… very-early accelerated expansion driven by the potential energy 
of a scalar field gives rise to a very-large, smooth, spatially flat 

patch that becomes all that we can see today.  Quantum 
fluctuations during this inflationary phase grow into the seeds for 

galaxies.  The conversion of potential field energy into heat 
produces the quark soup that evolves a baryon asymmetry and 

long-lived dark matter particles.  The excess of quarks over 
antiquarks becomes neutrons and protons, later some light 
elements and finally atoms.  The gravity of the dark matter 
particles drives the formation of structure from galaxies to 

superclusters and a mere 5 billion years ago the repulsive gravity 
of dark energy (Λ) again drove accelerated expansion …

https://arxiv.org/pdf/2201.04741.pdfMST, The Road to Precision Cosmology and ΛCDM, ARNPS 72, 1 (2022)

https://arxiv.org/pdf/2201.04741.pdf


1. Not a model – a  real, falsifiable theory 
that makes precise, testable predictions

• Matter tell space how to curve:

• Space tells matter how to move/evolve:

• With the assumption of spatial flatness and isotropy/homogeneity 
(supported by much evidence) only the composition of the Universe 
needs to be fixed.  Today, 
• Matter (baryons, dark matter, neutrinos): 31% ± 0.6% (Baryons, 4.8 ± 0.06%) 
• Dark Energy (L): 69% ± 0.6% 
• Photons (CMB): 0.005%



2.  Expansion of space:  kinematics
• Spacetime metric:

• One dof: the cosmic scale factor a(t) or R(t)

• Expansion of Universe is a scale up

• Big bang is an explosion of space

• Most important number in cosmology Hubble parameter (~1/age)















Just like Harvard, everyone is at the 
center of their Universe
But really, NO CENTER



Hubble troubles, part 1



The problem with 
mirrors  ….

Distance is the 
hardest thing to 

measure in 
cosmology



H0 = 72 ± 7 km/s/Mpc
= 100 h km/s/Mpc

h2 = 1/2

2001: H0  = 72 ± 2 ± 6 km/s/Mpc



2. More kinematics of the expanding 
Universe

• Redshift z (IMPORTANT)



Redshift is the observable!
Redshift of H, K lines of Ca
Lab:  3934, 3969 Å
Observed:  ~4750 Å
1 + z = λrcvd /λrest  = 4750/3950
z = 0.20



Big redshifts:  UV à IR

SDSS High-z quasars

JWST redshift 9.51 galaxy





Just can’t get enough 
of those high redshift 
galaxies: z = 10 to 13



2. More kinematics of the expanding Universe

• Redshift z (IMPORTANT)

• Age

• Luminosity distance

• Comoving distance to z

• Angular distance   



Back to cosmological distances
• For small z: r, dA, and dL = z H0

-1 (H0
-1 = 4300 Mpc = 14 Gyr)

• r(z)L asymptotes to 3.2 H0
-1 and dA decreases at large z (rulers look bigger!)

Redshift zRedshift z

H 0
r(z

)

H 0
d A

(z
)



3. Matter dynamics

• How free particles move:  3-momenta redshift as 1/a

• How “fluids” evolve



Three epochs:  Radiation dominated, Matter 
dominated, and Dark Energy dominated

• Radiation epoch
• Thermal bath of particles 

(quark soup)
• Origin of dark matter
• Baryogenesis
• Inflation

• Matter era
• Growth of structure
• Formation of CMB

• Vacuum era 
• Where we find ourselves
• Unknown future



4. Dynamics:  Matter and spacetime together

• Friedmann Equations: 

• Hubble parameter

• Scale factor 



5. The 3 epochs of cosmology

Michael S Turner

1. Radiation-dominated
a ~ t1/2 quark soup
a < 10-4, t < 104 yrs 2. Matter-dominated

a ~ t2/3 structure forms
t ~ 104 yrs – 1010 yrs

3. Dark Energy
a ~ eHt accelerated expansion

t > 1010 yrs



Age of the Universe

H 0
t 0



One last thing, horizons (how far you can see 
on a clear day)
• Universe was smaller, but was expanding fast
• Light travels only about c x t since the beginning (mostly in the last 

Hubble time)

• This is known as the “horizon problem”:  can’t smooth or create 
inhomogeneities on very large scales



1998: Cosmic speed up and dark energy



• Λ (vacuum energy) fits the date but why so 
small?

• Evidence of the rich vacua of string theory and 
the multiverse?

• Related to inflation (accelerated expansion) or 
something else?

• Describe by equation-of-state 

Gravity is sourced 
by energy + 3 x 

pressure à BHs and 
repulsive gravity!!!
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Cosmic Destiny

In the presence of dark energy, a flat 
Universe can expand forever, re-collapse, 

or even experience a big rip!



The Standard Cosmology (ΛCDM) in plain English

… very-early accelerated expansion driven by the potential energy 
of a scalar field gives rise to a very-large, smooth, spatially flat 

patch that becomes all that we can see today.  Quantum 
fluctuations during this inflationary phase grow into the seeds for 

galaxies.  The conversion of potential field energy into heat 
produces the quark soup that evolves a baryon asymmetry and 

long-lived dark matter particles.  The excess of quarks over 
antiquarks becomes neutrons and protons, later some light 
elements and finally atoms.  The gravity of the dark matter 
particles drives the formation of structure from galaxies to 

superclusters and a mere 5 billion years ago the repulsive gravity 
of dark energy (Λ) again drove accelerated expansion …

https://arxiv.org/pdf/2201.04741.pdfMST, The Road to Precision Cosmology and ΛCDM, ARNPS 72, 1 (2022)

https://arxiv.org/pdf/2201.04741.pdf


5. The 3 epochs of cosmology

Michael S Turner

1. Radiation-dominated
a ~ t1/2 quark soup
a < 10-4, t < 104 yrs 2. Matter-dominated

a ~ t2/3 structure forms
t ~ 104 yrs – 1010 yrs

3. Dark Energy
a ~ eHt accelerated expansion

t > 1010 yrs



6. Thermodynamics in the early Universe

• Thermal bath of particles
• For kT > mc2

particle/antiparticle pairs as 
abundant as photons

• For most of its early history:  
thermal equilibrium
• But, departures are very 

important – not all Fe today



Michael S Turner
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Relativistic Degrees of Freedom

Quark/Hadron

All SM Particles

γ/neutrinos

e± pairs

1 sec10-6 sec10-12 sec

1 TeV 1 MeV



Basic thermodynamics review

• Thermal phase space density

• With zero chemical potentials
• Ultrarelativistic limit

• Non-relativistic limit

• Chemical equilibrium establishing by   i + j + … ßà a + b + … 
occurring “rapidly”



Entropy conservation (in the absence of departures 
from equilibrium and entropy production)



High entropy/small baryon number

• When g* is constant, e.g., since t = 1 sec, 
• nB/s = baryon number per comoving volume = nb/s (few or no anti-

baryons) = (baryon-to-photon ratio h = 6 x 10-10)/7 = 10-11

• Note 7/h = 1011 is the entropy per baryon – VERY HIGH – meaning lots 
of photons per baryon!  Cf, newly born neutron star entropy per 
baryon is a few per baryon.  BIG consequences in cosmology!
• The old question:  where did all the entropy come from?
• The other way to look at:  Where did the small net baryon number 

nB/s = 10-11 come from?  Baryogenesis!



Thermal equilibrium requires rapid 
interaction rates relative to expansion rate
• Interaction rate 

= number density of targets x cross section x vrelative

• Expansion rate 

• Expansion time (= 1/H) x interaction rate = number of interactions per 
“expansion time” (doubling of scale factor, halving of temperature)
• Rapid interaction rate (thermal equilibrium):
• Slow interaction rate (“frozen out” reactions):  



Worked example:  decoupling of neutrinos

• Interactions

• Interaction rate 

• Decoupled at T ~ 1 MeV



Worked example:  neutrino to photon temperature 

• Universe at 1 sec/1 MeV:  photons (g = 2) and electrons/positrons (g = 
4 x 7/8 = 3.5)

• Neutrinos decouple and evolve adiabatically

• T < 1 MeV, entropy from electron/positron pairs resides in photons 
only

PS: Neutrinos 
participate in a 
small part of the 
e+/e- entropy 
transfer (about 
1%) 





1980: Fall of �The Hadron Wall�
seeds in the pudding & asymptotic freedom



7. BBN and the high entropy of the 
Universe (small baryon number)

• Boltzmann equations in the expanding 
Universe à the results of BBN depend upon 
the baryon to photon ratio h = 6 x 10-10 and 
nuclear data (cross sections, neutron 
lifetime) and Nneutrinos

• Large entropy per baryon (small h) plays a 
critical role in delaying BBN to a time when 
Coulomb barriers prevent nucleosynthesis 
beyond 4He and NSE
• That is a good thing:  a tremendous amount 

of nuclear free energy is left to power stars 
and life in the Universe 1052 ergs per solar 
mass!

Most “accurate” description of BBN physics https://arxiv.org/pdf/2111.14254.pdf

https://arxiv.org/pdf/2111.14254.pdf


1 MeV
0.01 MeV

0.1 MeV
10 MeV

ß NSE               n/p freeze in    |Nuclei favoredà |Coulomb barriersà

1. BBN begins with NSE (chemical equilibrium), 
followed by a series of departures from 
thermal equilibrium

2. n/p ratio freezes in at a value of around 1/7 at 
T ~ 1 MeV

3. Coulomb barriers (T < 0.05 MeV) prevent NSE 
from being established and significant 
nucleosynthesis beyond 4He

4. End result, lots of 4He made from free 
neutrons, a little unburnt D and 3He and a 
trace amount of 7Li

NB:  without the non-thermal neutrons, first step 
of BBN would have to be p + p à D + gamma (a 
weak interaction that would have time to take 
place!



• NSE abundance of ZA: 

• Chemical Equilibrium

• Binding energy 

• Mass fraction of ZA in NSE (after algebra)

Nuclear Statistical Equilibrium



Nuclei favored at 0.3 MeV
IF, n/p tracked equilibrium no 
neutrons for nucleosynthesis



Two big successes: D/H (vs. CMB) and 4He and one big problem 7Li



Looking for more dark stuff 

• Neff: the number of relativistic 
species (m << T) expressed in as 
neutrino species*:  portal to the 
TOE (dark sector, …)
• BBN: species less massive than 1 

MeV & σN = 0.05
• CMB:  species less massive 1 eV & σN

= 0.03
• Don’t have to agree

*Chicago school convention; NB:  SM predicts 3.045 for CMB



8. Recombination and CMB last scattering

• Two separate events!
• Recombination (misnomer):

• Chemical equilibrium:  rapid                                            ensures

• Ionization fraction in thermal equilibrium (Xe), B = 13.6 eV

• Rec: Xe ~ 0.5 (z = 1300)

• NB:  freeze out of recombination leaves residual ionization of Xe = 10-4 or so
<< 13.6 eV!!



Last-scattering (also called decoupling)

• Thomson scattering rate per photon: 

• Decoupling is driven by decreasing Xe

• Last scattering/decoupling occurs at z = 1100, shortly after – and 
driven by – recombination (z = 1300)







1964 Arno Penzias & Robert 
accidentally discover the Cosmic 

Microwave Background
Hot Big Bang!



�Perfect� Blackbody

T = 2.7255 ± 0.0006 K

Slow-roll approximation (neglect ⌃̈) ⌃ 3H⌃̇ + V ⇥ = 0, requires

mPlV
⇥/V <

 
48⌅ m2

PlV
⇥⇥/V <

 
24⌅

Worked example: V (⌃) = m2⌃2/2

Slow-roll condition: ⌃/mPl > 1/12⌅ ⌃ equation of motion:
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Hdt
⇧
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Gravity waves: h ⌥ H/mPl
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⇤

⌅1/3

⌅ 3K
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⌃

4⌅G⇧M (closed)

H2 =
16⌅G⇧

3
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1992: COBE DMR 
discovers

CMB anisotropy





The Universe at 380,000 years



6 numbers describe the Universe from 
the big bang until today

Best evidence for ΛCDM

1. Baryon mass density
2. CDM mass density
3. Density perturbation amplitude

4. Tilt
5. Sound horizon
6. Optical depth



Our Universe



9. The perturbed Universe:  beyond 
homogeneity and isotropy



Expand density field in 
comoving Fourier 

components (which contain 
fixed amount of matter) but 
whose physical wavelength 

grows with time



Michael S Turner

During matter-dominated 
era, wave amplitudes grow 

with time (as the scale 
factor), reach unity and 

bound structures form and 
cease expanding



Michael S Turner

The Physics of Structure 
Formation (simplified)

1. Creation of 
Density 

Inhomogeneities

2. Outside 
Horizon
λ > H-1

Kinematic
Evolution

3. Inside Horizon
λ > H-1

Dynamic
Evolution

Inflation



10. Inflation!  The most important idea 
since the big bang and a pillar of ΛCDM
• “Original intent” (Guth, 1981):  First-order phase transition can
• Solve the horizon, flatness and monopole problems
• Add on: create the seed inhomogeneities for structure formation (1983)

• Remarkable paper:  also proved his idea didn’t work (and then proven 
it in more detail and rigor with Erick Weinberg, 1983!)
• The slow-roll work around (Linde and Albrecht & Steinhardt, 1982)



Solving the Flatness, 
Horizon Problems





Slow-roll inflation:  scalar-field dynamics

≈ -1



Entropy Production/Reheating

Adiabatic:  Constant Number of Photons 
per co-moving Volume, i.e., RT = const

Recall:  entropy per 
comoving volume ~ R3T3



Quantum Fluctuations Seed Density Perturbations



Good news, bad news:

Given a scalar potential 
V(φ), 

can compute all 
observables in terms of 

V, V’ and V’’



Inflation’s predictions



Key predictions of inflation

• Flat Universe (at a time when the data said:  W0 = 0.1!)

• Almost scale-invariant, Gaussian curvature perturbations (not precisely 
a power-law and n not precisely 1.0)

• Almost scale-invariant spectrum of GWs:  in the B-mode polarization

• Consistency relationship: T/S = 7nT

• … and it explains the isotropy/homogeneity, quark soup and absence 
of superheavy magnetic monopoles

• BUT, it is an incomplete theory:  no std model, temporary fix, what 
about the BB singularity, and on and on



NanoGrav: 10-8 at 10-9 Hz



CMB Anisotropy from 
Gravity Waves

•ΘΘ = GW temp
•EE = E mode (scalar)
•g lensing: grav lensing of 
EE
•BB/g waves = GW B-mode

•nanoKelvin cosmology!



GWs and B-mode CMB polarization

r << 1

r = 1

n = 1 n = 0.85



BICEP/Keck leading the way





Triumphs and tests

• Big bang nucleosynthesis (no need to posit large primordial 4He 
abundance) and predicted 4He (YP = 0.2469 ± 0.0002) vs observed (YP = 
0.245 ± 0.00034) vs CMB inferred (YP = 0.242 ± 0.024)
• BBN baryon density (ΩBh2 = 0.02166 ± 0.00015) and CMB baryon density 

(ΩBh2 = 0.02237 ± 0.00015)
• Structure formation: perturbations measured in CMB + gravity (numerical 

simulation) = the Universe we see today
• Crosschecks:  H0, s8 and others (tensions and opportunities??)
• Basic predictions of inflation verified:  almost scale-invariant, Gaussian 

curvature fluctuations, flat Universe, and coming soon GWs
• Precision set of cosmological parameters



The grand connection between big and small

Quantum fluctuations on unimaginably small 
scales lead to structure on cosmic scales



CMB & BBN
ΩBh2 = 0.0222 ± 0.0002

vs.
CMB/SDSS

ΩMh2 = 0.143 ± 0.001
> 50σ discrepancy

The airtight evidence for nonbaryonic DM



6 numbers describe the Universe from 
the big bang until today

Best evidence for ΛCDM

1. Baryon mass density
2. CDM mass density
3. Density perturbation amplitude

4. Tilt
5. Sound horizon
6. Optical depth



Era of Precision Cosmology
(plenty of well measured numbers)

and more to come – more tests 
and hopefully some surprises



Λ fits perfectly!

Michael S Turner

M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.
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Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark

energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-

Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-

21



We have come a long way since 
1970, when Allan Sandage said:



Hubble troubles, part 2



Direct:  73 ± 1.1 vs. Indirect: 67.5 ± 0.4 km/s/Mpc

• Direct measurement:  
• NB:  “v easy, d hard”
• Distance ladder:  standard candles – Cepheids, TRB, SNe1a
• Time delay (jump ladder)
• Both agree

• Indirect (CMB)

• Direct and indirect could both be correct and paradigm 
wrong!  Or, one or both measurements could be wrong and 
ΛCDM correct

v4



Hubble troubles or opportunities!

v4

• Indirect (pink):  67.5 ± 0.5
km/s/Mpc

• Direct (cyan):  73.2 ± 1.3 
km/s/Mpc

• 5-sigma difference!
Adam Riess (SHoES)

George Efstathiou (Planck)

arXiv:2103.01183

“early”

“late”



H0 = 73 ± 1 km/s/Mpc



“New physics”

v4

• The two discrepant 
measurements could both 
could be right if ΛCDM is 
wrong!
• New ingredient(s) to 

ΛCDM
• Early dark energy
• Extra radiation
• None compelling yet

Or one or both measurements could be wrong or NEW 
PHYSICS!  Big mystery; stay tuned!



ΛCDM paradigm shift:  adding ONE (odious) thing, solved FIVE 
problems with Inflation + CDM.  H0 fixes not as compelling – yet!

v4



Big questions and grand 
aspirations



… the pillars of the ΛCDM paradigm! 

• Don’t understand Dark Energy (69 ± 0.6%) and why Λ (quantum 
vacuum energy) is so small

• The physics of Inflation or when it took place

• What Dark Matter (31% ± 0.6% less baryons) is comprised of

• How Baryons (4.8 ± 0.06%) survived annihilation (baryogenesis)

Both!?!



Cosmic acceleration

• How often?
• When?
• Why?
• Something beyond GR needed?
• Opportunity to unify inflation and dark energy?



Grand aspirations
1. Origin of the space, time and the Universe
2. Before the big bang (related to #1?)
3. Destiny of the Universe
4. Self-booting Universe (given the TOE, 

everything else follows automatically)
5. Making sense of the multiverse or getting rid 

of it
6. Why something rather nothing and, where did 

the laws of physics come from?



Einstein got the 
right answer 

for the wrong 
reason?

= Emergence of 
space and time





The multiverse



What to do about the multiverse

• Most important “discovery” since 
Copernicus?
• But is it science? (not testable – yet)


