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Topics

• Cosmology overview
• Hubble tension
• Parity in the CMB



Cosmology Study of origin and 
evolution of the 
Universe



Primary 
observables: 

CMB



Primary 
observables: 

Galaxy 
surveys



Quantitative observables

Statistical measures of mass 
distribution

Matter power spectrum P(k)
CMB angular power spectrum Cl

…..also lensing of galaxies, cmb, RSDs….

Classical measures

Direct measures of expansion rate (Hubble 
constant) H0

Angular-diameter distances
….also age of Universe, Alcock-Paczynski, linear-

theory growth factor…..



LCDM: the cosmological standard model

Flat (rather than open or 
closed) FRW Universe

4% baryons (i.e., protons, 
neutrons, electrons)
• With light-element abundances 

given by big-bang nucleosynthesis 
(BBN)

27% CDM: cold (i.e., slowly 
moving) dark (i.e., interacts 
only gravitationally) matter

69% cosmological constant

nearly scale-invariant 
spectrum of adiabatic and 
gaussian primordial density 
perturbations (as expected 
from simplest inflationary 

models)

H0=67.4 km/sec/Mpc





Cosmological questions

What is the dark matter

What is responsible for accelerated cosmic expansion

What is the physics of (or alternative to) inflation?

Why a baryon asymmetry?

What can we say about neutrinos



Some others

• Why does H0 from 
CMB/LSS disagree with 
the directly observed 
value
• Does the Universe have a 

handedness?
• Why do the two halves of 

the CMB sky look 
different?





The Hubble “tension”:  Why does the expansion 
rate inferred from the CMB differ from that 
observed locally?

• Problem with local measurements?
• Problem with CMB measurements?  
• Problems with both?
• New physics?



The Hubble “tension”:  Why does the expansion 
rate inferred from the CMB differ from that 
observed locally?

• Problem with local measurements?
• Problem with CMB measurements?  
• Problems with both?
• New physics?    







H0 inferred from CMB from three angles:
• Sound-horizon angle 𝜃!
•Damping-scale angle 𝜃"
• Equality angle 𝜃#$



CMB power spectrum:

~ |Fourier transform|2





Acoustic peaks come from Fourier-space ”ringing” of these spherical shells

Wavenumber (l)   ∝	 (sound horizon)-1











How does CMB measure H0?

• Three angles:
• sound horizon
• damping scale
• MR equality

• depend on 
• dark-matter density
• baryon density
• Hubble constant

• Of three angles, sound-horizon angle determined best (1 part in 104) 
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To increase H0, can
• Decrease matter density at late times
• Decrease sound speed in early Universe
• Increase matter density at early times



H0 = Hrec

R t0
trec

c dt/t0
[⇢(t)/⇢0]

1/2

R trec
0

cs(t) dt/trec
[⇢(t)/⇢(trec)]

1/2

<latexit sha1_base64="pEbt/9HCoPvyRTmffmZlmt8sU5s="></latexit>

To increase H0, can
• Decrease matter density at late times  (late-time solutions)
• Decrease sound speed in early Universe
• Increase matter density at early times
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Late-time solutions

Modify late expansion history to increase DA
 e.g., exotic dark energy; phantom energy; exotic dark matter; 

Requires energy density smaller than in standard model: negative-
density matter?!?!    Violation of null energy condition?!?!



Late-time solutions: Empirically disfavored by 
BAO in galaxy distribution

SDSS-BOSS Collaboration
Anderson et al. 2013

Sound horizon imprinted
on galaxy distribution
measured in “redshift
space”

Provides standard ruler
to infer H0  -->  lower H0
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To increase H0, can
• Decrease matter density at late times (late-time solutions)
• Decrease sound speed in early Universe 
• Increase matter density at early times
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To increase H0, can
• Decrease matter density at late times (late-time solutions)
• Decrease sound speed in early Universe 
• Increase matter density at early times (early dark energy)



Possible 
solution:  Early 
dark energy

(Karwal,MK, 2016)

Suppose early Universe expands faster

Then less time for sound waves to 
propagate

Smaller sound horizon

Larger H0 inferred from CMB



CMB



The (postulated) physics of DE

• Behaves like cosmological 
constant at late times; decays 
as

at late times (MK, Pradler & 
Walker, 2014)
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or



Results

Poulin et al. 2018



New tests of scenario:

Measurements of fine-grain features of CMB 
polarization by ACTPol/SPT3G/Simons/CMB-S4/etc



Since then…..tons of EDE models



Since then….new measurements from SPT-3G, 
ACTPol, DES, etc. tend to disfavor EDE, but do not 
necessarily “rule it out”.



Other possibilities:

• Change to recombination  
• Variable electron mass
    (Hart, Chluba, 2019++; Lee, Ali-Haimoud, Schoneburg, Poulin, 2024; Lynch, Knox, Chluba 2024)

• Primordial magnetic fields
(Jedamzik, Pogosian, 2020++)

• Variable me and spatial curvature works pretty well
 (Poulin, Smith, et al., in prep)



What to look forward to



Gravitational 
lensing time 
delays

Gravitational lensing 
time delays



Tip of the 
red-giant 
branch



Gravitational waves



Globular-cluster ages (Bernal et al. 2021)



Recurrent dark energy?

• Λ ≠ 0	 today
• Inflation  à   Λ ≠ 0	in the early Universe
• EDE (if this is what’s going on) à   Λ ≠ 0	at z ~ 10,000

• Recurring periods of “Λ-like” behavior throughout cosmic history?



E.g. tracking oscillating energy (Dodelson, Kaplinghat, 
Stewart, astro-ph/0002360; Griest, astro-ph/0202052)



String Axiverse?  (MK, Pradler, Walker, 2014; based on 
Arvanitaki et al., 2009; Svrcek & Witten, 2006 )

• ~100 axion fields
• masses distributed logarithmically

• At each Log(Hubble time) , chance that axion field may act like dark 
energy



Recent results: DESI 
2024



A little bit about inflation

Marc Kamionkowski (Johns Hopkins)
n3as summer school

15 July 2024



You are here

14 billion
light-years

Cosmology <1980: Isotropy Problem

Causally
connected
region

400,000 light-years



Inflation (~1980)

Guth, Linde, Albrecht-Steinhardt, Sato, Kazanas, Starobinsky, Englert-Brout-Gunzig….







The Mechanism:

new scalar field (“inflaton”) �(~x, t)



Standard Predictions of Inflation

• A flat Universe



”Slow-roll” evolution
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Standard Predictions of Inflation

• A flat Universe
• “Adiabatic” primordial density fluctuations
• Nearly scale-invariant spectrum of primordial density fluctuations
• Very nearly Gaussian primordial density fluctuations



<latexit sha1_base64="NItRwSrBxjtFB4p9Z7Cw+CnQjj0="></latexit>

�̈�(~x, t) + 3H �̇�(~x, t) + a
�2r2

��(~x, t) = 0

<latexit sha1_base64="DZMXxv4gcKRlDZ0Wz2wKKYnkBLM="></latexit>

�̈�~k(t) + 3H �̇�~k(t) + (k/a)2��(~x, t) = 0



At early times, is SHO, which has nonzero zero-point amplitude
At late times, dfk àconstant  à quantum-generated density 
perturbation
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A flat Universe?



Universe is flat!



Nearly (but not precisely) scale-
invariant primordial perturbations



WMAP

ns=1
ns<1

ns>1



But not precisely scale-invariant….

ns = 0.968 ± 0.006



Very nearly Gaussian fluctuations

• Gravitational potential (e.g., Verde, Wang,
Heavens, MK, 2000)

with fNL<<1 (Wang & MK, 2000)
� = � + fNL�2

Gaussian field



Current constraints
        |fnl|<10

DT/T

Gaussian

Not gaussian



But what is the new physics responsible for inflation?  
Quantum gravity? GUT? PQ symmetry breaking?  SUSY 
breaking? EW?

What is the energy scale of inflation??



Gravitational waves

• Arise from same Hawking-like process during inflation as density 
perturbations (GW amplitude h also satisfies KG equation)
• Have amplitude (“tensor-to-scalar ratio”)

Current limits to“tensor-to-scalar ratio” r<0.03 or Einfl<(2x1016 GeV)
But r could also be as small as 0.000000…..00001  !!

r ' 0.1
✓

Einfl

2 ⇥ 1016 GeV

◆4



But there are reasons to suspect
r not too small!!!

and r = 16✏





But GWs also induce polarization in 
CMB

(Polnarev 1987)



GWs also induce polarization in CMB





Detection of gravitational waves with 
CMB polarization

Temperature map:  

Polarization Map:

Density perturbations have no “handedness”
so they cannot produce a polarization with a curl
Gravitational waves do have a handedness, so they
can (and do) produce a curl

A “smoking gun” for inflation

(MK, Kosowsky, Stebbins 1997; Seljak & Zaldarriaga 1997) 

“E modes”

“B modes”
~P (n̂) = ~rE + ~r⇥ ~B





Parity violation in the CMB 
(and elsewhere)!

Marc Kamionkowski
(Johns Hopkins University)

Parity Violation at Home, 4 October 2023
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Biology is parity breaking



People are parity breaking







Is parity respected on 
cosmological scales?

Need new physics for….

• Primordial density perturbations from inflation

• Dark energy

• Early dark energy

• Dark matter

• Baryogenesis

• Neutrino physics



Cosmological Birefringence
(Lue, Wang, MK 1999; Lepora 1999; MK 2008; Gluscevic, MK, Cooray, 2009; MK 2010)

•Is new cosmological physics (e.g., inflation, dark 
energy) parity violating?
•Polarization E and B modes have opposite parity; 
EB correlation therefore signature of parity 
violation
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Cosmological birefringence
•E.g., if quintessence field Φ(t) couples to E&M through:  

WMAP/BOOMERanG/QUaD searches: α<few degrees 
(Feng et al., astro-ph/0601095; Komatsu et al. 2008; Wu et al. 2008)

Time evolution of  Φ(t) leads to rotation, by angle α, of CMB 
polarization as photons propagate from CMB surface of last 
scatter (Harari &  Sikivie 1992; Carroll, Field, Jackiw 1998)

Rotation induces EB cross-correlation (Lue, Wang, MK 1999)
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Parity-breaking CMB power spectra

CTB
` CEB

`
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Redshift dependence from kinetic polarized SZ 
effect 
(Hotinli, Holder, Johnson, MK 2204.12503)

Cross-correlation of small-scale CMB polarization with 
galaxy surveys allows you to isolate the polarization 
induced by scattering from free electrons.

CB observables can then be applied to polarized sources 
at different redshifts



Where does the rotation take place?



Chiral gravitational waves 
(amplitude birefringence)
(Lue, Wang, MK, 1999)

• Chern-Simons gravity during inflation

• May lead to right/left asymmetry and thus to EB/TB 
cross-correlation

�RR̃





B modes and parity tests for 
galaxy surveys

Jeong & MK 2012
Dai, Jeong, MK 2013





⇢(~x)
h⇢(~x)⇢(~x + ~r)i = ⇠(r)

Two-point autocorrelation function

Statistically isotropy and homogeneity
(translational/rotational invariance)



Iso-correlation contours



Iso-correlation contours



But departure from statistical 
isotropy (rotational invariance)
is conceivable



As is departure from statistical 
homogeneity (translational 
invariance)



Elongations
of iso-correlation
contours

CMB 
polarization~

Ellipticity in 3d Elongation in 2d

5 degrees of 
freedom

2 degrees of 
freedom
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parity

ht
R,L = (h+ ± ih⇥)/

p
2

hv
R,L = (hx ± ihy)/

p
2



h+ hx h0 hz hx hy
x

y

z

h+vh+t



Again, are effectively parametrization 
of 4-pt functions



Recent results: Parity probes



Recent results: Parity probes

In galaxy 4-pt correlation!!

Hou, Slepian, Cahn 2022; Philcox 2022

But see Krolewski, Smith, May, Hopkins, last week


