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Fond memories of collaborating 
with Frank: 8 papers, starting at 
the KITP at UCSB, two in Sweden 
(Nobel Symposium), all fun, all 

cosmology

Frank began his academic career 
at UChicago as an undergraduate 

math major
The late Peter Freund gave him a 

gentle but effective nudge 
toward physics

Fermilab Ben Lee 
Symposium 1977



It all started with a December 1981 
preprint from Andrei Linde

First slow-roll calculations (done on an HP calculator) and back-to-
back PRLs with Albrecht and Steinhardt’s seminal ”new inflation”



Flight of fancy & first of many physics 
papers about metastable vacua



First CDM paper (not all the details 
right and an erratum to prove it)



Motivation for Sam Ting’s AMS



Nobel Symposium in Graftavallens with 
a helicopter ride to a cocktail hour 

(Stephen Hawking in love) and 2 papers



Graftavallens 2



Axino dark matter and fun with a 
fantastic student Krishna Rajagopal



Snowmass 1994:  
Two Nobel Prize 
winners and me.  
This should be a 

blockbuster:  
0 citations  



The first paradigm:  the Hot Big Bang
1925 to 1980



Many contributors
1925 – 1970s 

Hubble, Lemaitre, Einstein, Friedmann, Gamow, Hoyle, 
Penzias & Wilson, Wagoner-Fowler-Hoyle, Peebles, …

Three basic elements
• General Relativity
• Expansion of a Universe 

full of galaxies
• Cosmic Microwave 

Background



The evidence

• Few hundred redshifts (z to 0.1)
• CMB is a blackbody (hot, dense 

beginning is the only explanation
• Light element abundances



1972 Steve Weinberg coins “The Standard Model” 
and puts it all together from hadron soup to atoms 

and galaxies 

Except for the quark soup part:
“the hadron wall” at 10-5 sec



Allan Rex Sandage:  just 2 numbers



H0: expansion rate (slope à age)
q0:  deceleration (“droopiness” à destiny)



H0 reined in, part one
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H0  = 72 ± 2 ± 6 km/s/Mpc



… and q0 is not even measurable!

PS:  … and one astronomer (the referee) learned the difference 
between precision and accuracy (note definitions in ABSTRACT!)



The old paradigm is broken 
by phenomena it cannot 

explain and/or new 
opportunities emerge

• Structure formation and dark matter(!!)
• Baryon asymmetry
• Smooth beginning, long-lived expansion and 

seeds for galaxies
• Asymptotic freedom à quark soup beginning, 

grand unification à no hadron wall and new 
ideas



1963: The year the Universe changed
Discovery of quasars and the relativistic Universe

The remarkable redshift of 0.158

2008 Kavli Prize to Schmidt and Lynden-Bell

3C273

3C273
Host galaxy



The second paradigm: ΛCDM
1980 to present

The coming together of the very big and the very small

David Schramm circa 1980 Fermilab Symposium May 1983



Dark Matter

Inflation
Dark Energy

WIMPs

Quark Soup

Baryogenesis

CDM

Coming together of cosmology and 
particles has changed the vocabulary, the 
players and the experimental techniques



The ΛCDM story of the Universe

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

patch that will become all that we can see today.  Quantum 
fluctuations during this accelerated 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 …



… has revealed new physics too
• The repulsive gravity of Dark Energy explains cosmic 

acceleration and Λ (quantum vacuum energy) is the default 
dark energy candidate

• A very early burst of tremendous expansion – Inflation –
explains our smooth, flat Universe with seeds for galaxies 
grown from quantum fluctuations

• The gravity of slowly-moving Dark Matter particles (CDM) 
holds all cosmic structures together

• Baryogenesis produces an excess of matter over anti-matter 
and the survival of a small number of baryons today (few per 
billion photons)



Birth of modern cnflation
Nuffield Workshop, Cambridge, June 1982









6 numbers describe the Universe from 
the big bang until today

The remarkable ΛCDM paradigm



6 numbers describe the Universe from 
the big bang until today

The remarkable ΛCDM paradigm

6 parameter fit to ΛCDM



Planck collaboration: CMB power spectra, likelihoods, and parameters
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Figure 47. CMB-only power spectra measured by Planck (blue),
ACT (orange), and SPT (green). The best-fit PlanckTT+lowP
⇤CDM model is shown by the grey solid line. ACT data at
` > 1000 and SPT data at ` > 2000 are marginalized CMB
bandpowers from multi-frequency spectra presented in Das et al.
(2013) and George et al. (2014) as extracted in this work. Lower
multipole ACT (500 < ` < 1000) and SPT (650 < ` < 3000)
CMB power extracted by Calabrese et al. (2013) from multi-
frequency spectra presented in Das et al. (2013) and Story et al.
(2012) are also shown. Note that the binned values in the range
3000 < ` < 4000 appear higher than the unbinned best-fit line
because of the binning (this is numerically confirmed by the re-
sidual plot in Planck Collaboration XIII 2015, figure 9).

spectra are reported in Fig. 47. We also show ACT and SPT
bandpowers at lower multipoles as extracted by Calabrese et al.
(2013). This figure shows the state of the art of current CMB
observations, with Planck covering the low-to-high-multipole
range and ACT and SPT extending into the damping region. We
consider the CMB to be negligible at ` > 4000 and note that
these ACT and SPT bandpowers have an overall calibration un-
certainty (2 % for ACT and 1.2 % for SPT).

The inclusion of ACT and SPT improves the full-mission
Planck spectrum extraction presented in Sect. 5.5 only margin-
ally. The main contribution of ACT and SPT is to constrain
small components (e.g., the tSZ, kSZ, and tSZ⇥CIB) that are
not well determined by Planck alone. However, those compon-
ents are sub-dominant for Planck and are well described by the
prior based on the 2013 Planck+highL solutions imposed in the
Planck-alone analysis. The CIB amplitude estimate improves by
40 % when including ACT and SPT, but the CIB power is also
reasonably well constrained by Planck alone. The main Planck
contaminants are the Poisson sources, which are treated as in-
dependent and do not benefit from ACT and SPT. As a result,
the errors on the extracted Planck spectrum are only slightly re-
duced, with little additional cosmological information added by
including ACT and SPT for the baseline ⇤CDM model (see also
Planck Collaboration XIII 2015, section 4).

6. Conclusions

The Planck 2015 angular power spectra of the cosmic mi-
crowave background derived in this paper are displayed in

Fig. 48. These spectra in TT (top), T E (middle), and EE (bot-
tom) are all quite consistent with the best-fit base-⇤CDM model
obtained from TT data alone (red lines). The horizontal axis is
logarithmic at ` < 30, where the spectra are shown for individual
multipoles, and linear at ` � 30, where the data are binned. The
error bars correspond to the diagonal elements of the covariance
matrix. The lower panels display the residuals, the data being
presented with di↵erent vertical axes, a larger one at left for the
low-` part and a zoomed-in axis at right for the high-` part.

The 2015 Planck likelihood presented in this work is based
on more temperature data than in the 2013 release, and on
new polarization data. It benefits from several improvements
in the processing of the raw data, and in the modelling of
astrophysical foregrounds and instrumental noise. Apart from
a revision of the overall calibration of the maps, discussed
in Planck Collaboration I (2015), the most significant improve-
ments are in the likelihood procedures:

(i) a joint temperature-polarization pixel-based likelihood at
`  29, with more high-frequency information used for fore-
ground removal, and smaller sky masks (Sects. 2.1 and 2.2);

(ii) an improved Gaussian likelihood at ` � 30 that includes
a di↵erent strategy for estimating power spectra from data-
subset cross-correlations, using half-mission data instead of
detector sets (which allows us to reduce the e↵ect of cor-
related noise between detectors, see Sects. 3.2.1 and 3.4.3),
and better foreground templates, especially for Galactic dust
(Sect. 3.3.1) that allow us to mask a smaller fraction of the
sky (Sect. 3.2.2) and to retain large-angle temperature in-
formation from the 217 GHz map that was neglected in the
2013 release (Sect. 3.2.4).

We performed several consistency checks of the robustness
of our likelihood-making process, by introducing more or less
freedom and nuisance parameters in the modelling of fore-
grounds and instrumental noise, and by including di↵erent as-
sumptions about the relative calibration uncertainties across fre-
quency channels and about the beam window functions.

For temperature, the reconstructed CMB spectrum and er-
ror bars are remarkably insensitive to all these di↵erent as-
sumptions. Our final high-` temperature likelihood, referred to
as “PlanckTT” marginalizes over 15 nuisance parameters (12
modelling the foregrounds, and 3 for calibration uncertainties).
Additional nuisance parameters (in particular, those associated
with beam uncertainties) were found to have a negligible impact,
and can be kept fixed in the baseline likelihood.

For polarization, the situation is di↵erent. Variation of the as-
sumptions leads to scattered results, with larger deviations than
would be expected due to changes in the data subsets used, and
at a level that is significant compared to the statistical error bars.
This suggests that further systematic e↵ects need to be either
modelled or removed. In particular, our attempt to model cal-
ibration errors and temperature-to-polarization leakage suggests
that the T E and EE power spectra are a↵ected by systematics at
a level of roughly 1 µK2. Removal of polarization systematics at
this level of precision requires further work, beyond the scope of
this release. The 2015 high-` polarized likelihoods, referred to
as “PlikTE” and “PlikEE”, or “PlikTT,EE,TE” for the com-
bined version, ignore these corrections. They only include 12
additional nuisance parameters accounting for polarized fore-
grounds. Although these likelihoods are distributed in the Planck
Legacy Archive,15 we stick to the PlanckTT+lowP choice in the
baseline analysis of this paper and the companion papers such

15 http://pla.esac.esa.int/pla/
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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
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!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-
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Grandest quantum connection



• Cosmic acceleration is still the most 
profound mystery in all of science –
not to mention the lightness of the 
quantum vacuum

• No standard model – let alone 
fundamental model – of inflation

• Dark matter particle still unidentified!
• Baryogenesis details too!
• ΛCDM: New physics or just epicycles?

At very least, baryogenesis, dark matter, 
inflation and dark energy are pushing 

the paradigm to its limits

ΛCDM:  More than we hoped for, 
now less than we want to settle for



What to do about the multiverse

• Most important 
discovery since 
Copernicus?

• Answer to the before the 
“Big Bang” question?

• Is it science? (not 
testable!)

• Many true believers



The third paradigm:  _____

• How expansive:  origin of space, time and 
the Universe?  Laws of physics too?

• What will trigger the 3rd paradigm?  
When?

• Not the story of us!  Astrophysical 
cosmology as interesting as it is, is not 
what I am talking about!

What are our aspirations?



ΛCDM 6 numbers:  new version of q0/H0?

1. Baryon density
2. Matter density
3. Density perturbation amplitude

4. Tilt
5. Sound horizon
6. Optical depth



A very complicated Universe

• Atoms :  Democritus to 1964
• + photons:  1964
• + neutrinos (e, μ):  1967
• + exotic dark matter:  1981
• + CDM: 1983/4
• + massive neutrinos:  1998
• + dark energy:  1998
• + τ neutrino: 2000
• Done? Not likely!
• Why is ΩCDM/ΩB ≈ 5?

I.I. Rabi
Who ordered that?

How much room for more:
• UR: ~0.2rCMB
• NR: ~0.1rcrit

• Other leftovers: ??



How many numbers should it take 
to determine our Universe?



Lord Rees of Ludlow:  just 6 numbers

1. 3 dimensions of space
2. Weak gravity = 10-36 x EM
3. Energy release in 4 H à He is 0.007mc2

4. Flat Universe
5. Small Λ
6. Density perturbations:  Q = 10-5



My aspiration: zero numbers
once given the ”laws of physics”

• Laws of physics (not initial conditions or parameters) 
determine the present large-scale features of the Universe 
and statistical properties (climate not weather)

• Agnostic to the uniqueness of “TOE”, the “watchmaker,” 
and to the existence of a multiverse/“ensembiverse”

• Successes:
– Big bang nucleosynthesis (no need to specify initial chemical 

abundances; nuclear physics + expansion determines the 
primordial mix)

• Partial successes:
– Baryogenesis (no need to specify initial baryon asymmetry or 

large entropy per baryon; baryon number + C/CP violation + 
expansion determine the outcome)

– Structure formation (once the initial homogeneity is specified, 
gravity + expansion and hydro determine the outcome)



Murray Gell-Mann:  0 numbers

There is a unique 
Theory Of 

Everything (the TOE) 
– a string theory –

and the rest is 
“weather”*

*paraphrasing here, he said environmental science



Hartle-Hawking:  0 numbers
wavefunction of the Universe determines the 

initial state (Ψ is specified by the TOE)



Hubble troubles:  a path forward?  

v4

• Indirect (pink):  68.5 ±
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”



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

• Indirect (early via CMB)

• Direct and indirect could both be correct and paradigm 
wrong!  Or, one or both measurements could be wrong 
and ΛCDM correct
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v4

Adam Riess:  KICP 2018
Note steady progress from 10% to 1.9%



“New physics”

v4

• The two discrepant 
measurements could both 
could be right if our 
current paradigm (ΛCDM) 
– in a classic Kuhnian 
paradigm shift – is wrong!

• New ingredients to ΛCDM
– Early dark energy
– Oscillations, rock & rock
– ??

Or one or both measurements could be wrong:  
precision cosmology is hard, accurate cosmology is 
harder!  And remember the checkered history of H0



ΛCDM paradigm shift:  adding one (odious) thing, 
solved FIVE problems with Inflation + CDM.  H0
doesn’t look quite as compelling
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What could possibly go wrong

• Initial conditions might matter
– Axion dark matter:  depends upon the initial 

misalignment of the axion field, a random variable 
if PQ symmetry breaking occurs before inflation

– Penrose is right:  it is all about the initial 
singularity

• Universe is often just beyond the reach of our 
biggest ideas and most powerful instruments
– No TOE or too many missing pieces



Back to the “numbers question” 

1. Zero : Unifying physical theory is all that is 
needed
• Gell-Mann, Hartle-Hawking

2. Handful: Descriptive (largely theory agnostic)
• For example, the “CMB 6” or H0/q0

3. Handful:  Anthropic/multiverse (infer from first 
principles what is needed for our existence!)*

• Rees, West Coast, …

*That is why it is often called the narcissistic principle



And then, the limits of cosmology

• Limited by past light cone (GFR Ellis)
• “The iron curtains”:  CMB, neutrinosphere, inflation
• Testability in an historical science
– e.g., what constitutes proof of inflation? dark matter?

• Technology (hard and soft)
– Dogs cannot understand QM; can we understand the 

Universe?
• Nature of science:  theories are disprovable, not 

provable & the assumption of objective reality

… but hopefully not by our passion 
to understand our Universe


