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Syllabus for online Relativity and Cosmology (Instructor: Ta-Pei Cheng)  
  

Welcome to this online course on Relativity and Cosmology. The two pillars of modern physics are quantum theory 

and relativity. Students usually have some exposure to special relativity, but most finish their program without ever 

learning general relativity. That’s Einstein’s field theory of gravitation. The mathematics of GR is supposedly too 

difficult, and the physical phenomena that require GR explanation are too few. That’s a pity as many regard GR as 

one of the most beautiful theories --- some calling it the “perfect theory”.  

 
In the recent years, with the enormous advances in astrophysics, we now routinely encounter astronomical situations 

such as black holes and cosmological phenomena that absolutely require GR for their exposition. As for the math 

difficulty, we shall demonstrate in this course that all one needs are the standard calculus and some familiarity with 

matrices. We believe that often the problem has to do with pedagogy. Physics students find it hard to be in a GR class 

that seems to be all about mathematics. Only at the end, if they stick around, when the Einstein equation is set up and 

solved, do they finally see the physics. We shall adopt a "physics-first" approach -- complicated mathematics will be 

introduced gradually so that students get to study the interesting physical and astronomical applications at an early 

stage.  

 

One may well be concerned about learning this math-heavy material online. Unlike in a face-to-face class, one cannot 

bring up a question right when the material is being presented. But as you will see that, in contrast to the traditional 

lecture presented on a blackboard, an online delivery actually has many advantages. For instance, I can move (by 

copy-and-paste) the relevant equation right up close to where it’s needed; and there are many visual aids that one can 

use to clarify a difficult point. There are plenty tools to conduct remote discussion and Q&A. Furthermore, this online 

course is closely linked to its textbook – after all, I wrote the textbook and have structured the online presentation so 

it’s tightly coordinated with the book. At each stage you will know where you are in the book. You can read ahead, 

and review afterwards, the relevant material.  
 

Required textbook: A College Course on Relativity and Cosmology by Ta-Pei Cheng (Oxford 2015)  

  

       

Other course materials: On occasion we will refer to some calculation details that can be found in my other 

books* (placed on reserve in the campus libraries):  

1.   (Cheng 2010): Relativity, Gravitation and Cosmology: A basic Introduction 2nd ed.  

2. (Cheng 2013): Einstein’s Physics: Atoms Quanta and Relativity  
*With the discovery in the fall of 2015 of gravitational wave produced by the black hole binary, it should be noted that the topic of gravitational wave 
production by neutron star binary is discussed in some detail in Chapter 15 of (Cheng 2010).  
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Course Schedule  

The course is divided into six modules, presented in 30 lectures (two lectures per week of a semester of 15 

weeks). The relevant book chapters and video lecture segments are listed in the table below. Detailed 
description of the modules can be found at the end of this syllabus. It is understood that the students 

will study all the Review Questions (and their keys) at the end of each book chapter. Each video lecture is 

divided into several (typically three) parts. One can find clickable links to these videos in the Modules 

section in the learning management software Canvas. [You will also find there the lectures in PDF files --

some of you may find its printout useful for notetaking.] 
  

Module-1: Special Relativity  

  

Lect #  Lecture title  Parts  File label  

01  Ch 1 Introduction  1a  Relativity & symmetry  

    1b  Rotation & boost  

    1b(ex)  Inverse transformations  

    1c  Lorentz vs Einstein  

02  Ch 2 SR kinematics  2a  New conception of time & E=mc2
  

    2b+(ex)  Lorentz transformation derived  

    2c  Time dilation & length contraction  

03  Ch 2 E/B , Ch 3 spacetime  3a  Box2.2 E&B transformation  

    3b  4D spacetime  

    3c  Tensors in SR  

04  Ch 3 Four-vectors  4a+(ex)  Physics 4-vectors  

    4b  4-momentum & Compton scattering  

05  Ch 3 Four-tensors  5a  Electromagnetic field tensor  

    5b  Energy -momentum tensor  
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06  
Ch 3 Spacetime diagram +  

Sec 4.1 Newtonian gravity  
6a  Spacetime diagram  

    6b  Geometric formulation: a summary  

    6c  Newtonian gravity  

  

Module-2 Equivalence Principle  

  

07  Ch 4 EP demo & grav redshift  7a  Inertial v grav masses, EP introduced  

    7b  EP demo  

    7c  Gravitational redshift derived via SEP  

08  Ch 4 Grav time-dilation & GPS  8a  Gravitational time dilation  

    8(ex)  Time dilation derived via 3 clocks  

    8b  GPS  

09  Ch 4 Light deflection  9a  EP derivation of light deflection  

    9a(ex)  Apparent weight of light  

    9b  Energetics of light transmission  

  

Module-3 General Relativity  

  

10  Ch 5 Gaussian coord & metric  10a  Gaussian coordinates & metric  

    10a(ex)  Coordinate transformation  

    10b  Flatness theorem  

11  Ch 5 Geodesic & geo gravity  11a  Geodesic equation derived  

    11b  From EP to geometric gravity  

    11c  GR as gravitational field theory  
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12  Ch 5 Newton limit, Ch 6 K  12a  Newtonian limit  

    12b  GR intro & Gaussian K  

    12b(ex)  K for a sphere in diff coord  

    12c  Spaces with constant curvature  

13  Ch 6 tidal gravity & GR field  13a  Tidal gravity  

    13b  Einstein equation  

    13c  Gravitational waves (extra material)  

14  Ch 6 Schwarzschild solution  14a  Spherically symmetric metric  

    14b  Interpreting Schwarzschild coord  

    14c  GPS revisited  

15  Ch 6  Light deflect & Mercury  15a  GR light deflection  

    15b  Mercury’s orbit  

    15c  Light deflection via geodesic equation  

  

Module-4:  GR Tensor Formalism 

 

16  Ch 11 GR tensors  16a  Gen coordinate transformation  

    16b  Covariant derivatives  

    16c  Christoffel symbols  

    16d  Parallel transport & geodesics  

17  Ch 11 Riemann curvature  17a  Riemann tensor derived  

    17b  Covariance principle & GR eq of motion  

    17c  Einstein equation (+ extra: derivation 

via the action principle)  
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sssModule-5:  Black Holes  

  

18  Ch 7 BH event horizon  18a  Event horizon  

    18b  LCs tip-over across r = r*  

    18c  BH binding energy  

19  Ch 7 Astro BH, thermodynamics  19a  Astrophysical BH  

    19b  BH thermodynamics  

20  Ch 7 BH & QM, Hawking  20a  BH & QM  

    20b  Hawking radiation  

  

Module-6:  Cosmology  

  

21  Ch 8 Cosmos observed  21a  Olbers paradox, cosmic distances  

    21b  Cosmic expansion & age  

    21c  Dark matter  

22  Ch 8 Cosmo P/kinematics  22a  Cosmological principle  

    22b  Hobbles law follows from CP  

23  Ch 8 Friedmann equations  23a  Friedmann equations  

    23a(ex)  Alternative form of Friedmann 

eqs 

    23b  Newtonian view of Friedmann 

eqs 

    23c  Time evolution of model U  

24  Ch 8 Cosmo constant  24a  Cosmological constant  

    24b  Biggest blunder, e-expansion  
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25  Ch 9 Thermal history & BBN  25a  Scale dependence of temperature  

    25b  U’s chronology  

    25c  Big bang nucleosynthesis  

26  Ch 9 CMB & cosmic neutrinos  26a  Cosmic microwave background  

    26b  Discovery of CMB  

    26c  Cosmic neutrino background   

27  Ch 9 CMB anisotropy  27a  CMB anisotropy  

    27b  Statistical study of anisotropy  

    27c  Spatial geometry from CMB  

28  Ch 10 Cosmic inflation  28a  Inflation & initial condition 

problems  

    28b  Inflation scenario  

    28c  Aftermath of inflation  

29  Ch 10 Accelerating U now  29a  Dark energy & accelerating U  

    29b  Extracting energy comp from SNe  

    29c  Transition from deceleration to 

acc   

30  Ch 10 ΛCDM cosmology  30  ΛCDM & the cosmological 

constant problem  

  

Detailed Description   

Module-1: Special relativity (book Ch 1, Ch 2, and Ch 3, and video lectures #1 to #6)  

Description:  We present special relativity as first introduced by Einstein, and then study its geometric 

formulation in Minkowski spacetime.  

Learning objective: Understanding the meaning of relativity (as a coordinate symmetry) and the key role 

played by Einstein’s new conception of time in its formulation. Understanding why the physics arena is the 

4D spacetime and the sense that the flat spacetime metric, the diagonal matrix of (-1,1,1,1), embodies all of 

special relativity. Learning to use 4D tensors (such as 4- position, 4-derivative, 4-momentum, and 

electromagnetic field tensor and energy-momentum-stress tensor, etc.) to construct relativistic equations.  
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Module-2: The equivalence Principle (book Ch 4, and video lectures #7 to #9)  

Description:  Historically, Einstein used the idea of the equivalence between gravitation and inertia to proceed 

from special to general relativity. Some GR results can be obtained in this physically more accessible 

approach.  

Learning objective:  Understanding how Einstein used the Equivalence Principle (EP) to extract some GR 

results (gravitational redshift, time dilation, and light deflection) and in turn how such physics led him to the 

idea that gravitational field is simply a curved spacetime.  

  

Module-3: General relativity (book Ch 5 and Ch 6, and video lectures #10 to #15)  

Description:  Einstein’s theory of general relativity posits that gravitational field is a curved 4D spacetime. 

We first learn how to describe a warped manifold using the metric tensor. From this we are motivated 

immediately to write down the GR equation of motion. The more difficult topic of GR field equation is 

covered in the second half of this Module (Chapter 6). Using spherically symmetric solution of the Einstein 

equation, we study the trajectories of light and a planet in the solar system.   

Learning objective:  Learning how a curved space can be described by length measurement. The metric tensor 

connects length measurements to the chosen Gaussian coordinates, and can determine the geometry of the 

space, e.g., the equation that fixes a geodesic line. Understanding how the EP physics (particularly 

gravitational time dilation) has led Einstein to the idea that GR is a field theory of gravity with field being the 

curved spacetime. In this field theoretical framework the geodesic equation is the equation of motion and field 

equation relates geometry to the matter/energy source, with the geometric side being the curvature (tidal 

gravity) and the source the energy-momentum-stress tensor. The spacetime outside a spherical source is given 

by the Schwarzschild solution leading to the geodesic equations for light (as in light deflection by the sun) 

and for a matter test particle (such as the planet Mercury).  

  

Module-4: Tensor formalism for GR (book Ch 11, video lectures #16 - #17)  

Description:  The more difficult topic of deriving Riemann curvature tensor is presented here. In this way 

Einstein field equation is justified with the proper mathematics. Chapter 11 may be viewed as the math 

appendix of the book. Undergraduates (in Phys 370) can skip over and go directly to Modules 5 & 6 (black 

holes & cosmology), while those enrolled in Phys 5370 are responsible, and will be quizzed separately, for 

this material (at the level of Review Questions).  

Learning objective:  Graduate students are expected to learn (undergraduates should also enjoy in seeing) 

some of the basic features of differential geometry (covariant differentiation and parallel transport, etc.) for a 

proper formulation of general relativity. One can then derive Riemann curvature tensor by parallel transport a 

vector around a closed path, or through the equation of geodesic deviation. From the principle of general 

covariance one can then derive the GR equation of motion as well as the Einstein field equation (with the help 

of Bianchi identity). With this math background the student should also be able to understand the action 

principle approach to the GR field equation.  

  

Module-5: Black holes (book Ch 7 and video lectures #18 - #20)  

Description:  The gravity of a black hole is so strong, and the spacetime so warped, that the roles of space and 

time are interchanged across its event horizon. For black holes to be relevant for realistic astrophysical 

situations one must first demonstrate that ordinary stars over a certain mass limit must eventually undergo 

gravitational collapse into black holes. The gravitational binding energy of matter around a black hole is 

extraordinarily large, giving rise to many energetic events observed in the universe.  
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While no signal can be transmitted from the interior of a black hole in classical physics; quantum fluctuation 

around a BH can bring about Hawking radiation -- the thermal emission of particles and light from a black 

hole.   

Learning objective:  Understanding the spacetime structure of black holes, showing that the lightcones tip 

over when crossing the event horizon so that no signal can leave the BH. Such classical consideration leads 

one to conclude that nothing can ever come out of a black hole, but in the context of quantum field theory in a 

curved spacetime there will be thermal emission known as Hawking radiation.   

  

Module-6: Cosmology (book Ch 8, Ch 9 and Ch 10, and video lectures #21 to #30)  

Description:  This cosmology module can be thought as composed of two parts (1) the basic FLRW 

cosmology, and (2) FLRW cosmology with the addition of cosmological constants (inflation theory of the big 

bang and accelerating universe) resulting in the current standard model of ΛCDM cosmology.  

  

(1) The feature that the space is dynamical in GR nturally leads to the observed expanding universe. FLRW 

cosmology is based on the Cosmological Principle (a homogeneous and isotropic space at any given 

cosmic epoch), which is supported by direct observation (particularly the uniformity of CMB 

temperature) and its implication of expanding universe according to Hubble’s law (first written down by 

Lemaître). The spacetime geometry is described by Robertson-Walker metric, having curvature signature 

k and scale factor a(t). With an ideal cosmic fluid as source, the resultant Einstein equation is in the form 

of Friedmann equations, which relate k to the density ratio Ω = ρ/ρc with the denominator ρc being the 

critical density (e.g., Ω = 1 for a flat k = 0 universe). Extrapolating back in time it suggests a big hot 

beginning. As the universe expands and cools, the system must pass through thermal equilibria with 

various constituent particles. This picture is strongly supported by the presence in the present era of these 

big bang thermal relics, for instance, the light nuclear elements of helium, deuterium, etc. with just the 

correct relative abundance. Most importantly, the decoupled photons became the cosmic microwave 

background (CMB) observed today; the statistical feature of its anisotropy contains much information 

about the geometry and energy contents of the universe.  

  

(2) Einstein equation naturally allows for the presence of a vacuum energy having a constant density and a 

negative pressure. Such energy gives rise to a gravitational repulsion that increases with distance. The 

presence of such a term is the basis of the inflation theory of big bang, which can leave just the right 

conditions for the start of FLRW evolution. Astronomical observations of supernovae, CMB anisotropy 

and galaxy-distribution are all seen to be consistent with a cosmological expansion that is accelerating in 

the present epoch due to the presence of another cosmological constant (dark energy). Thus our universe 

appears to be dominated by dark energy (Λ) and cold dark matter (CDM) leading to the current standard 

model of ΛCDM cosmology.  

 

Learning objective: Understanding why general relativity is the natural framework for the study of our 

universe as a physical system; how the big bang theory is supported by the observed thermal relics of the 

cosmic microwave radiation, and the abundance of light nuclear elements. Understanding how GR can 

accommodate a cosmological repulsion that manifest itself as the primordial ‘inflation’ of the big bang and as 

the ‘dark energy’ that propels an accelerated expansion.  

  


