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Cosmological probes
● Geometric probes:

○ Cosmic microwave background

○ Type Ia Supernovae

○ Baryon acoustic oscillations

○ Gravitational lenses with time delays

● Growth of structure probes:
○ Abundance of galaxy clusters

○ Galaxy clustering and galaxy-galaxy lensing

○ Redshift space distortions

○ Cosmic shear



Concordance cosmological model
● A six parameter flat cosmological model with dark 

energy and dark matter as its dominant components 

remains a good description of a wide swath of data.

● However, some mysteries have emerged

○ The amplitude of density fluctuations at late times 

predicted by Planck and observed by large scale 

structure probes

○ Distance measurements at high redshifts from BAOs in 

the Lyman alpha forest

○ The Hubble constant from local and distant probes*
Planck collaboration



The Hubble constant
● The local measurements of the 

Hubble constant differ from Planck 
as well as the inverse distance 
ladder calibrated using BAOs and 
SNeIa.

● Could signal an interesting new 
discovery in cosmology!

● Requires precise and accurate 
measurements of the local H0?

Reiss et al. 2016



The Hubble constant: the SH0ES project
● The measurements of the Hubble 

constant from local observations is a 
tall task.

● Supernovae themselves do not yield 
the Hubble constant.

● The calibration of the distance 
ladder involves careful 
measurements of cepheids, and 
geometric distances to galaxies.

● Expect improvements from GAIA 
parallaxes.

Reiss et al. 2016



Hubble constant from lensing time delays
● Time delays in the arrival of images in 

gravitationally lensed systems is another 
independent way to measure the value of 
H0.

● Requires precise lens modelling tools, and 
systematics mitigation due to line of sight 
overdensity effects.

● Expect progress by finding many more such 
gravitational lenses in wide field imaging 
surveys

Wong et al. 2019, H0LiCOW project



Hubble constant from gravitational waves
● A localized single binary neutron star 

merger event was able to yield a 

~20% accurate measurement of the 

Hubble constant

● Accuracy improves further if the 

inclination can be determined via EM 

studies (see Hotokezaka et al. 2018)

● What about the more numerous CBC 

events?

LIGO SC et al. 2017



Massive compact binary coalescences

● As far as we know CBCs do not have EM counterparts, but not entirely 

ruled out either.

● The Large Synoptic Survey Telescope will go after such events as a high 

risk high reward project.



EM observations can help statistically as well
● Cross-correlation of galaxies 

with known redshifts with 

samples of binary black hole 

merger events can be used to 

obtain the Hubble constant.

● The galaxies used to 

cross-correlate need not be 

the actual host of the merger 

events.

Suvodip Mukherjee

Oguri 2016, Mukherjee et al. 2018, Zhang et al. 2018, Bera, SM et al.  (in prep.)



Extra slides!



Amplitude of density fluctuations

Planck makes precise predictions for the growth of density fluctuations in the 
late Universe. Can be tested with large scale structure probes.



Cosmic shear measurements

WL surveys such as the Dark energy survey and the Hyper Suprime-Cam 
survey can measure the amplitude of density fluctuations in the late Universe

Hikage, .. SM et al 2018



Amplitude of density fluctuations

All weak lensing surveys seem to infer a smaller amplitude than Planck predictions.

Hamana, .. SM et al 2019



Are the H0 and S8 tensions related?

The two could be possibly hinting to distinct modifications, one at low redshift 
the other at high redshift.

Park and Rozo 2019

Lowz includes cosmic 
shear, gg clustering, gg 
lensing, anisotropic 
BAO, BBN, SNeIa



Primordial black holes

There are two ways to 
contribute: (i) look for 
black holes which cannot 
be made up from stars 
blowing up. (ii) look for 
black holes that may cause 
microlensing of GW 
events.


