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Chapter 1. Science Motivation

Figure 1.7: Radio image of the galaxy cluster CIZA J2242.8+5301 observed with the West-
erbork Synthesis Radio Telescope (WSRT). The red contours are ROSAT observed X-ray
emission on top of the 1.4GHz emission. The extended radio source along the top of the figure
is roughly 2 Mpc in length and does not correspond to any internal cluster source. Credit:
Figure 1 from (van Weeren et al., 2010).
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1.4. Understanding ICM Thermodynamics

1.4.3 Gravitational Lensing

Optical cluster surveys have an equally rich history to those of X-ray, and have contributed

heavily to cluster cosmology through mass calibrations of other survey observables. This is

done by observing an optical feature known as gravitational lensing, whereby the broad, and

deep gravitational potentials of clusters warp the path of light from objects behind them,

changing the angular configuration and flux of background sources (Treu, 2010). By modeling

the cluster lens as an isothermal sphere, as in Equation 1.4.5, we can calculate the level of

this source deflection in the strong lensing regime, where Dds is the distance between the lens

and the source, Ds is the distance between the observer and the source, and σv is the velocity

dispersion of the galaxies (Kneib et al., 2011) (Appendix A). Images of sources close to this

radius experience extreme magnification and distortion.

θE = 4π
(σv

c

)2
(
Dds

Ds

)
. (1.4.5)

The degree of ellipticity and duplication of galaxies, as well as the level of flux magnifica-

tion, define the free parameters in a fit to the lens shape, or what is known as the critical curve

(Zitrin et al., 2009). In order to convert this information into a mass, the cluster Dark Matter

potential is modelled as an elliptical Navarro-Frenk-White profile (Navarro et al., 1996), where

an assumption is made that light traces mass. A model is also made to represent the elliptical

mass of the cluster member galaxies (Zitrin et al., 2015).

This method of mass determination has extremely low bias compared to other techniques,

and has been used to correct derived hydrostatic mas biases from X-ray and SZ data used

in scaling relationships (Aihara et al., 2018; DES Collaboration et al., 2022; Doux et al.,

2022). This bias correction term is often calibrated by comparing the observed mass profile

to simulated halos, which can then be iterated to reduce the systematic uncertainty from the

weak lensing bias and improve the accuracy of the total mass (Dietrich et al., 2018).

In order to be useful for cluster cosmology, large optical surveys have been necessary in

order to obtain a sufficiently large sample of lensing measurements. One excellent example

of this is the Subaru telescope Hyper Suprime Cam (HSC) SSP survey (Aihara et al., 2018),
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which surveyed 1400 square degrees of the sky in its wide mode. HSC planned to combine

their data sets with the Sloan Digital Sky Survey (York et al., 2000) to constrain cosmology

through weak gravitational lensing measurements. Similarly, the Dark Energy Survey (DES)

has recently released its three year survey data, providing additional constraints on cosmology

through weak lensing, galaxy clustering, and cosmic shear measurements (DES Collaboration

et al., 2022; Doux et al., 2022). An expansion on this project is planned with DECam on the 4

meter Blanco telescope in Chile, where it will perform a 6 year survey spanning 5000 degrees.

Future looking optical surveys will include those from the Vera Rubin Observatory (for-

merly LSST) which has a 10 year plan to survey 18,000 square degrees of sky. Part of their

science objectives is to improve our understanding of dark energy and Dark Matter through

cosmological parameter estimation, in part through observations of large-scale structure, grav-

itational lensing, CMB polarization, and supernovae. They also plan on constraining the

evolution of the cluster mass function which is a key cosmological probe Tyson et al. (2018).

1.4.4 The Thermal Sunyaev-Zel’dovich Effect

The Sunyaev-Zel’dovich (SZ) Effect is caused by the inverse Compton scattering of CMB

photons by the cluster gas. Inverse Compton scattering modifies the Blackbody spectrum of

the CMB by upscattering photons that have lower energies than free electrons within the ICM

and down-scattering photons in the reverse case. As such, the amplitude of the SZ effect is

often measured as the relative change in the CMB intensity with frequency, as illustrated in

Figure 1.8. For an average cluster, only ∼ 1% of CMB photons scatter in this manner with

electrons in the ICM.

The spectrum of the effect depends only on a single parameter, the Compton y, described

by Equation 1.4.6

y =

∫
neσT

kBTe

mec2
dl. (1.4.6)

This term describes the electron pressure of the ICM, kBTene, making it a measure of the

integrated pressure of the gas. For an ICM with 5 keV electrons, the average scattering energy

would be roughly δν
ν ≈ kBTe

mec2
≈ 10−2 (Sunyaev & Zeldovich, 1970).
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Figure 1.8: Changes to the CMB spectrum due to Inverse Compton Scattering from the ICM.
The density of the gas, encapsulated by the variable y, changes the overall amplitude of the
SZ effect. Three Compton y values are used to create three SZ spectra (red), where increasing
values increase the spectrum amplitude. The CMB spectrum (blue) is shown alongside for
reference at a reduced amplitude. The overall effect is to shift the CMB spectrum to higher
frequencies, although some lower energy photons transfer energy to the electrons during scat-
tering, causing the negative portion of the spectrum. Visually this appears as a deficit in
intensity in map space and can look like a dark patch on the sky.
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For a distribution of electrons in thermodynamic equillibrium undergoing repeated elastic

scatterings, or Maxwell-Boltzmann distribution, we can calculate the average change in CMB

intensity with dimensionless frequency using the Kompaneets Equation (Kompaneets, 1956).

The result is Equation 1.4.7:

∆ISZE = g(x)I0y (1.4.7)

where

g(x) =
x4ex

(ex − 1)2
(x

ex + 1

ex − 1
− 4) (1.4.8)

and

I0 = 2
(kBTCMB)

3

(hc)2
(1.4.9)

where x is the dimensionless frequency x = hν
kBTCMB

Carlstrom et al. (2002).

This effect has several useful properties that make it ideal for cluster observations. For

one, Equation 1.4.7 has no redshift dependence making it ideal for higher redshift cluster

surveys6. This is because the scattering is performed on photons emitted from roughly the

same redshift of the CMB. It also has a linear dependence on the gas density rather than the

squared dependence of X-ray luminosity, making it excellent for observing cluster outskirts or

the Warm/Hot Interstellar Medium (WHIM).

1.5 Project Summaries

My research will help illuminate the detailed astrophysics that impacts interpretations

of galaxy cluster and large-scale structure measurements through two projects. The first

(Section 1.5.1) will study the temperature of the ICM in individual clusters, observed with

Herschel -SPIRE, using the SZ effect. The second (Section 1.5.2) is the commissioning of

the Tomographic Ionized-carbon Mapping Experiment (TIME) that will study the connection

between the aggregate emission of reionization sources and the underlying matter power spec-

trum. It will also be used to study the connection between cluster gravitational potentials and
6While this is true, practical observations of the SZ effect are somewhat limited by the decreasing angular size
of clusters at higher redshifts which effects measurements of the surface brightness. There is also some mild
evolution in y as the cluster ICM evolves.
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