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• The standard cosmological model and the observations 
that underpin it

• Hubble and S8 tensions: systematics or first cracks in our 
cosmological model?

• Cosmology as a laboratory for new fundamental physics: 
r and Neff

Outline



We Have Observed an 
Enormous Number of Galaxies

3
Galaxy data from SDSS telescope, video by Miguel Aragon, Mark Subbarao, Alex Szalay



Seeing the Past: Cosmological Observations

Observations of our universe (typically) on past lightcone surface

No need to speculate about cosmic history: can see it, since the further out we 
look, the further back in time we look. 

t

x

photon path (past lightcone)
T~ 0.3eV



Seeing the Past: Cosmological Observations

See galaxies 
nearby; furthest + 
earliest light 
source is opaque, 
glowing plasma, 
the Cosmic
Microwave
Background
(CMB)

The observable universe:
(lightcone seen from top)

Us today

Early
universe
glowing
plasma:
emits CMB

galaxies



• Heat radiation (“light”) from the early fireball phase (like 
the surface of the sun) streams through the universe… 
to us 
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(Cartoon, clearly not physical)



• CMB brightness not uniform! Improving experiments 
have been making increasingly high-resolution maps of 
the CMB brightness variation...

CMB Fluctuations – Learning More
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CMB Fluctuations –
Best Picture From Planck Satellite 

8
CMB Brightness Fluctuations



• Most relevant

• T depends on initial conditions and causal evolution (linear, 
translation-invariant, so encoded in transfer function)

What are we seeing in the CMB maps?
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S̃(k, temission) = TS(k, temission)�i(k)
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evolution of perturbations
encoded in transfer function

initial potential
fluctuations

radiation overdensity potential fluctuation



• Quantifies fluctuation size2 vs. (inverse) angular scale

• We can measure it as follows:

CMB Power Spectrum

Ĉl = ⌃m|alm|2/(2l + 1)

alm =

Z
d2n̂Y ⇤

lm(n̂)T (n̂)
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Key Measurement: The CMB Power Spectrum

Small
scales

Large
scales theory fit 

(only 6 params)

[Planck 2018]



• CMB power spectrum Cl depends on few basic effects

What does the CMB power depend on?

l(l + 1)

2⇡
Cl ⇠ T 2

S(k = l/�⇤, temission)⇥�2
�i
(k = l/�⇤)
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1. Initial conditions:
primordial potential 
perturbation power 
spectrum



• CMB power spectrum Cl depends on few basic effects

What does the CMB power depend on?

l(l + 1)

2⇡
Cl ⇠ T 2

S(k = l/�⇤, temission)⇥�2
�i
(k = l/�⇤)
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1. Initial conditions:
primordial potential 
perturbation power 
spectrum

2. Evolution/growth: 
transfer function from 
linear perturbation 
theory

Can easily compute based on linearized evolution equations. 
Depends on composition of the universe (densities / pressures) + GR



• CMB power spectrum Cl depends on few basic effects

What does the CMB power depend on?

l(l + 1)

2⇡
Cl ⇠ T 2

S(k = l/�⇤, temission)⇥�2
�i
(k = l/�⇤)
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1. Initial conditions:
primordial potential 
perturbation power 
spectrum

2. Evolution/growth: 
transfer function from 
linear perturbation 
theory

3. Distances: scale to 
angle projection 
depends on distance to 
CMB, X*

Also depends on 
composition of the 
universe + GR



galaxy distribution

The observable universe:

Mapping Large Scale Structure



• Fourier transform galaxy density, square: power spectrum

Key Measurement: Matter (or Galaxy) Power Spectrum

Small
scales

Large
scales



Same sources of information in large-scale structure
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1. Initial conditions:
primordial potential 
perturbation power 
spectrum

2. Evolution/growth: 
transfer function from 
non-linear perturbation 
theory

3. Distances: scale to 
angle projection 
depends on distance to 
LSS

• Use these to understand the composition + origin of our 
universe. Cosmology has arrived at a standard model:

C
l ⇠

Z
d��2

�(k = l/�)T 2
 (t(�), k = l/�)
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Standard Cosmological Model (LCDM):
Composition of the Universe

18

CMB and LSS evolution + distances imply composition:

[Planck 2018]



Inflation

CMB

• Inflation: initial 
accelerated cosmic 
expansion. 

• Observational 
support: evidence 
of near-scale-
invariance,  
Gaussianity, super-
horizon-correlation 
of initial conditions 
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Inflation quantum 
fluctuations generate 
small differences in 
density

Standard Cosmological Model (LCDM):
Inflation Quantum Fluctuations Seed Structure

Gravitational 
collapse, driven 
by dark matter…

turns these into 
the stars and 
galaxies of today!

[A. Kravtsov]
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Inflation quantum 
fluctuations generate 
small differences in 
density

Standard Cosmological Model (LCDM):
Inflation Quantum Fluctuations Seed Structure

Gravitational 
collapse, driven 
by dark matter…

turns these into 
the stars and 
galaxies of today!

[A. Kravtsov]

Observational support: 
evidence of near-scale-
invariance,  Gaussianity, 
super-horizon-correlation 
of initial conditions 



Standard Cosmological Model:
Simple…

22

As, ns 



Standard Cosmological Model:
robust and difficult to modify…
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Can get 
independent, 
consistent 
measurements:

From CMB only 
OR SNae only OR 
BAO only

From evolution OR 
from distance

Interlocking web of hundreds of -often very robust and well-
understood- observations underpinning this model

[eBOSS 2021]



Standard Cosmological Model:
… but very strange
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As, ns 

Described by only 5(+1) parameters, 
but all of them poorly understood



Recently: claims of tensions in 
late vs. early-time measurements
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• Consistency test:

Claims of discrepancies in late vs. early measurements:
• Expansion rate of the universe: “Hubble/H0 tension”
• Growth of structure “S8 tension”

Fit LCDM model to CMB 
(early times, t=0.004 Gyr)

Predict expansion (H0) or structure 
size (S8) at late times (10-14 Gyr)
+ compare with observations



• The standard cosmological model and the observations 
that underpin it

• Hubble and S8 tensions: systematics or first cracks in our 
cosmological model?

• Cosmology as a laboratory for new fundamental physics: 
r and Neff

Outline



Ways to measure Hubble constant 
i.e., expansion rate of Universe
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H0 =
ȧ

a
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CMB power spectrum / early / indirect Cosmic distance ladder / late / direct

a: scale factor



A big puzzle: the current Hubble constant tension

persistent tension between distance ladder and early-time/indirect measurements

~68 km/s/Mpc ?

~74 km/s/Mpc ?

Latest: 
73 km/s/Mpc



Last week: new distance ladder measurements

More than doubles cepheid calibrator sample; lots of new checks, result: ~same 
Formal claim of 5 sigma tension with Planck.

[Riess++ 2021]
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Hubble tension: several cross-checks

~68 km/s/Mpc

~73 km/s/Mpc

s

Figure credit: A. Font-Ribera

& ACT/SPT
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Hubble tension: several cross-checks

~68 km/s/Mpc

~73 km/s/Mpc

s

Figure credit: A. Font-Ribera

& ACT/SPT

[No issue w. extrapolation]

[No issue w. CMB]



The sound horizon rs and the CMB
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• Sound horizon: 
distance a sound 
wave travels 

• Characteristic 
scale imprinted in 
the CMB peaks 
and in the matter 
power spectrum

rs =

Z 1

zr

c

H(z)
dz
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s
sound speed

expansion rate

redshift



Measuring Hubble using the CMB
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• Compute (calibr.) 
sound horizon rs

• Measure angle 
and infer distance

• Distance[H0] 
=> H0 !

rs =

Z 1

zr

c

H(z)
dz
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sknown
sound
horizon

measured
angle from 
CMB

derived
distance / H0



Similar: Measuring Hubble using LSS
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• Matter power spectrum similar to CMB: Currently mainly 
get H0 from BAO scale, imprint of sound horizon on 
matter.

rs =

Z 1

zr

c

H(z)
dz
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Idea for resolving tension: is new physics changing rs ?



Possible explanation for tension:
New physics has changed the sound horizon

35

[Knox + Millea 2019]

z
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• Arguably simplest new physics solution

• Can shrink sound horizon with new early energy density

• But note: huge change!



Example: Early Dark Energy 
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[Poulin et al. 2018, ...]
Energy
density

Scale factor ~time

Model
actually
favored
by ACT
at ~3 sigma! 
But: more
investigation of
systematics
needed
[Hill++ 21]

Many models (e.g. di Valentino++ 21). Perhaps none entirely compelling? 
How to test these kinds of modifications generically?

CMB emitted here



New Ways of Measuring Hubble Constant Needed
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rs =

Z 1

zr

c

H(z)
dz

<latexit sha1_base64="6Xi5NGJEKT/RgVqnU0qrZpKr92s=">AAACEnicbZC7SgNBFIZnvcZ4i1raDAYhacKuBNRCCNqkjGAukMRldjKbDJmdXWbOCsmyz2Djq9hYKGJrZefbOLkUmvjDwMd/zuHM+b1IcA22/W2trK6tb2xmtrLbO7t7+7mDw4YOY0VZnYYiVC2PaCa4ZHXgIFgrUowEnmBNb3gzqTcfmNI8lHcwilg3IH3JfU4JGMvNFZWr8RXucAluMnZVem/QhxHu+IrQhKZJtTAuprg3dnN5u2RPhZfBmUMezVVzc1+dXkjjgEmggmjdduwIuglRwKlgabYTaxYROiR91jYoScB0N5melOJT4/SwHyrzJOCp+3siIYHWo8AznQGBgV6sTcz/au0Y/ItuwmUUA5N0tsiPBYYQT/LBPa4YBTEyQKji5q+YDojJAkyKWROCs3jyMjTOSk65dHlbzleu53Fk0DE6QQXkoHNUQVVUQ3VE0SN6Rq/ozXqyXqx362PWumLNZ47QH1mfPwtCnbs=</latexit>

• Two scales in the matter power spectrum: sound hor. scale
+ the matter-radiation equality scale keq

• Idea: Use keq to get H0 without the sound horizon
• For surveys in next few years, great performance, H0 within 

1%, competitive!

BAO /

Peak

[Philcox, Sherwin++ 2021, Farren, Philcox, 
Sherwin in prep.]



S8 Tension: Gravitational Lensing
• Distribution of dark matter deflects light from galaxies that 

passes through. Can measure strength of lensing by warping of 
galaxy images

38



• Strength of lensing 
signal depends on 
how clumpy the mass 
distribution is (and 
how much matter 
there is). 
Parametrized by S8.

• Problem: S8 
measured by lensing 
at low redshifts is  
~2-3 sigma low 
compared to 
expectation from 
Planck.

S8 tension from galaxy lensing

39

Approx. simulation: final CMB-S4 CMB lensing map 



• Galaxy lensing, while 
powerful, is 
challenging…

• Want to test further 
with CMB lensing, as 
different systematics! 
Do we also find a low 
S8?

In progress: test S8 tension with CMB lensing
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Approx. simulation: final CMB-S4 CMB lensing map 

S8

Frank
Qu



CMB Gravitational Lensing

• Distribution of dark matter deflects CMB light that passes 
through

41
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• Dark matter causes lensing magnification feature in the CMB

CMB Lensing: An Approximate Picture

d

d

d

described by 
lensing 
deflection 
field: d, 
which 
probes 
projected 
mass

(very small: 
here 
exaggerated 
by x ~100)



CMB Lensing Measurement: 
An Approximate Picture

d: lensing deflection 
field / mass distribution

CMB
Temp.

• Search for lensing by looking for breaking of translation 
invariance in CMB fluctuations



AdvancedACT
lens. map and spectrum

preliminary lensing map! link Tlink

Mat 
Madhavacheril

Frank
Qu

[Qu, Sherwin++ in prep.]

https://portal.nersc.gov/project/act/msyriac/s19/lensing/
https://phy-act1.princeton.edu/public/snaess/actpol/dr5/atlas/


AdvACT lensing power spectra: 
expected insight into S8 tension

• Significant insights 
into S8 and 
neutrino mass 
coming soon from 
AdvACT lensing!

Expected ACT lensing errors 
(resolution of S8 tension soon!?)

Frank
Qu

[Qu, Sherwin++ in prep.]



• The standard cosmological model and the observations 
that underpin it

• Hubble and S8 tensions: systematics or first cracks in our 
cosmological model?

• Cosmology as a laboratory for new fundamental physics: 
r and Neff

Outline



Are there new weakly interacting 
particles? 
Probe new particles created in 
high early-universe densities

[Will leave out: What is dark 
energy/dark matter? What is 
neutrino mass? Can we find 
primordial non-Gaussianity?]

What is the physics at ultra-
high-energies? 
Probe early universe / 
inflation via B-modes

???

E

Cosmology: a unique laboratory for 
fundamental physics



Inflation

CMB

• Inflation: initial 
accelerated cosmic 
expansion. 

• Good evidence for 
idea – but we don’t 
know for sure

• Many (simple) 
models make 
inflationary gravity 
waves*

*N.B. Some other models also 
produce GWs



Inflation

CMB

• Probe physics at 
ultra-high energy (at 
the doorstep of the 
Planck scale)

• The strength of the 
waves - tensor-to-
scalar ratio r - tells 
us lots about 
properties of 
inflation

N.B. Even improved   
upper limits interesting. 



Inflation

• Leaves a 
characteristic pattern 
in the CMB 
polarization

CMB



CMB Polarization Basics
• Any polarization map can be decomposed into E and B 

mode fields
• B-mode: contains signals from inflation, if there

[Image credit: CMBPol]
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B mode map

E mode map

~known 
physics

new 
inflation 
physics



Several surveys searching for primordial B power

Lensing B-mode noise, obscures…

inflationary B-signal!
(amplitude 
parametrized by r)

B-mode 
power



New insights into inflation models

• BICEP/Keck: r<0.035. Monomial models strongly disfavored. 
Require flat potential. Exciting prospects for next 10 years 

Scalar spectral tilt

Level of
Inflation
Grav. Waves

[BICEP/Keck 2021]



Lensed CMB B-Polarization: Noise for Inflation-B

Lensing B-mode noise, obscures…

any inflationary B-
signal! (here 
r=0.002)

B-mode 
power



Lensing B-mode noise, obscures…

any inflationary B-
signal! (here 
r=0.002)

B-mode 
power

Bdata � B̂lens ⇠ Bdata �
Z

dl W (l,L)E(l)d̂filt(L� l)

Delensing the CMB: Lensing Removal

Estimate
of lensing d

Know lensing, so can 
estimate

lensing B modes and 
subtract them!



New: Delensing Pipeline for Simons Observatory

• New idea: can 
combined multiple 
galaxy maps to 
delens

• Significant 
improvements 
appear possible, 
~2x improvement in 
SO r constraints

• Important, as near 
thresholds from 
interesting models

With 
multitracer
delensingWithout 

delensing
(broader)

[Simons Observatory 
Collaboration]

Preliminary



Light Relic Particles and Cosmology

• Cosmic Neutrino Background: in radiation era, very 
large part of the energy density - 41% of total!

• Influences expansion rate H (as extra form of radiation): 
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• Cosmic Neutrino Background: in radiation era, very 
large part of the energy density - 41% of total!

• Influences expansion rate H (as extra form of radiation): 

• Energy density parameterized via number of effective 
neutrino species Neff. Measure via CMB
– With Planck, we find:

Light Relic Particles and Cosmology
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Neff from Cosmology:
A Universal Probe for Light Relics

• Not just sensitive to particles with standard model 
couplings of neutrinos

• Gravity sees everything: cosmology probes all that is 
neutrino like (radiation, free-streaming)

• Can hunt for any new light (relativistic, weakly coupled) 
particles, created in high density early universe
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• If we can measure this: 
target sensitivity ~0.03, can 
see any new light particle 
that was ever in equilibrium 
(targeted by CMB-S4 expt.)

• At high freeze-out 
temperature, the particle 
misses out on lots of 
heating, so ΔNeff is very 
small.

60

How Much Neff Does A New Particle Contribute?

[CMB-S4 science book]



Wealth of new Large-scale structure surveys

decadegalaxy 
Survey
now (z<1)

Dark Energy Survey/LSST/Euclid 
satellite/Spherex/21cm … first mapping 
of most of the Universe’s volume

2020s and 2030s will be a golden age 
of large cosmic survey science



2020s and 2030s will be a golden age 
of large cosmic survey science

New CMB surveys Simons Observatory 
/ ACT / S4, will probe new regimes in 
polarization and on small-scales

Wealth of new CMB data…

[Abazajian++ 2014]

CMB
Experiment
Noise
Level



Summary

Approx. simulation: final CMB-S4 CMB lensing map 

• Network of robust cosmological observations have 
established a simple but strange standard model

• H0 and S8 tensions: systematics or first cracks in the 
model? Need more data – coming soon!

• Cosmology is providing powerful insights into physics at 
highest energies and with weakest interactions


