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Question: Does physics provide an arrow of time, that is, a difference between the forward and backward 
directions of time?

§1 Temporal Arrow

Temporal Arrow of Irreversible Processes: Certain types of processes occur only in one temporal direction. 

E.g., ice cubes in water melt at room temperature but they never spontaneously becomes ice cubes.

→ These processes define a direction of time: certain types of events, as parts of these processes, (almost) 
always precede certain other types of events 

§2 Time-Symmetric Laws

The fundamental dynamical laws of physics, which describe how the universe evolves over time, are (possible 
small exceptions aside) time-symmetric. 

These laws allow time-reverse processes: E.g., in Newtonian physics, every process can be time-reversed by 
reversing the velocity of every particles involved in the process.

Puzzle: Why do these time-reverse processes never happen although they are allowed by the fundamental 
dynamical laws of physics?

§3 Boltzmann Entropy

Basic idea: Certain states of complex systems are more likely because they can be realized by more possible 
arrangements of the relevant components.

Example: “War and Peace” 

pages being in exact order pages being out of order 

1 arrangement 101878 arrangements 

High entropy states = compatible with many different arrangements of components (≈ disordered)
Low entropy states = compatible with few different arrangements of components (≈ ordered)

If every arrangement of components is equally likely, then systems have a natural tendency to evolve toward 
states of higher entropy (more disorder) because there are more possible arrangements with higher entropy.

→ Second Law of Thermodynamics: it is extremely likely that entropy is higher in the future and extremely 
unlikely that it is lower.

intact egg broken egg intact egg

few arrangements of molecules many arrangements of molecules few arrangements of molecules
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§4 Reversibility Puzzle

Why does entropy not also increase toward the past? The above reasoning also seems to show that it is 
extremely likely that entropy was higher in the past and extremely unlikely that it was lower.

Contradicts our memories: We remember that the entropy of many systems was lower in the past. For example, 
I remember that an egg that lies broken on the round was intact earlier. 

Greene's solution: Take for granted that entropy was very low in the early universe. The above reasoning then 
shows why entropy is extremely like to increase toward the future and so accounts for the Second Law of 
Thermodynamics.

§5 Consequences of Greene's Account

1. “The ultimate source of order, of low entropy, must be the big bang itself.” (p. 173)

2. “A splattering egg tells us something deep about the big bang. It tells us that the big bang gave rise to an 
extraordinarily ordered nascent cosmos” (p. 174)

3. “The future is indeed the direction of increasing entropy. The arrow of time—the fact that things start like  
this and end like that but never start like that and end like this—began its flight in the highly ordered, 
low-entropy state of the universe at its inception .” (p. 175)

§6 Questions

(Q1) How is the arrow of time as identified by Greene (that is, entropy increase toward the future) related to 
the sense in which we intuitively think time has a direction?

(Q2) How are other difference between past and future (direction of causation, asymmetry of knowledge, 
perceived openness of future) related to the thermodynamic asymmetry?

(Q3) Does the initial big-bang state, which is incredibly unlikely from a thermodynamic perspective, need to be 
explained further? 
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