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The real world is less deterministic than reductionistic Physics approaches
assume.
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Crosstalk
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Crosstalk example: Stereo amplifier. Channels influence each other
through electro magnetic radiation.
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Uncertainty principle (Heisenberg)

If a coordinate x has an uncertainty ∆x and if the corresponding
momentum component px = m · vx has an uncertainty ∆px , then those
standard-deviation uncertainties are found to be related in general by the
inequality (Young & Freedman, University Physics.):

∆x · ∆px ≥ ~
2

=
h
2π

2
=

1.054571628 ∗ 10−34

2
J · s (1)

The Heisenberg uncertainty principle for particles: The same uncertainty considerations that apply to 
photons also apply to particles such as electrons. The uncertainty ∆E in the energy of a state that 
is occupied for a time ∆t is given by Eq. (39.30), ∆t ∆E Ú U>2. (See Examples 39.9 and 39.10.)

O

Impossible:
∆x∆px 6  U>2

Allowed:
∆x ∆px Ú  U>2∆px

∆x ∆px =  U>2
∆x

1312    CHAPTER 39 Particles Behaving as Waves

Figure 39.36 shows a cloud, or nebula, of glowing hydrogen in 
interstellar space. The atoms in this cloud are excited by short-
wavelength radiation emitted by the bright blue stars at the center 
of the nebula. 

(a) The blue stars act as blackbodies and emit light with a 
continuous spectrum. What is the wavelength at which a star with 
a surface temperature of 15,100 K (about 21

2 times the surface 
temperature of the sun) has the maximum spectral emittance? In 
what region of the electromagnetic spectrum is this?

(b) Figure 39.32 shows that most of the energy radiated by a 
blackbody is at wavelengths between about one half and three times 
the wavelength of maximum emittance. If a hydrogen atom near the 
star in part (a) is initially in the ground level, what is the principal 
quantum number of the highest energy level to which it could be 
excited by a photon in this wavelength range?

(c) The red color of the nebula is primarily due to hydrogen 
atoms making a transition from n = 3 to n = 2 and emitting 
photons of wavelength 656.3 nm. In the Bohr model as interpreted 
by de Broglie, what are the electron wavelengths in the n = 2 and 
n = 3 levels?

SOLUTION GUIDE

IDENTIFY and SET UP
 1. To solve this problem you need to use your knowledge of both 

blackbody radiation (Section 39.5) and the Bohr model of the 
hydrogen atom (Section 39.3).

 2. In part (a) the target variable is the wavelength at which the star 
emits most strongly; in part (b) the target variable is a principal 
quantum number, and in part (c) it is the de Broglie wave-
length of an electron in the n = 2 and n = 3 Bohr orbits (see  
Fig. 39.24). Select the equations you will need to find the 
target variables. (Hint: In Section 39.5 you learned how to find 
the energy change involved in a transition between two given 
levels of a hydrogen atom. Part (b) is a variation on this: You 
are to find the final level in a transition that starts in the n = 1 
level and involves the absorption of a photon of a given wave-
length and hence a given energy.)

EXECUTE
 3. Use the Wien displacement law to find the wavelength at which 

the star has maximum spectral emittance. In what part of the 
electromagnetic spectrum is this wavelength?

 4. Use your result from step 3 to find the range of wavelengths in 
which the star radiates most of its energy. Which end of this 
range corresponds to a photon with the greatest energy?

 5. Write an expression for the wavelength of a photon that must 
be absorbed to cause an electron transition from the ground 
level 1n = 12 to a higher level n. Solve for the value of n that 
corresponds to the highest-energy photon in the range you cal-
culated in step 4. (Hint: Remember that n must be an integer.)

 6. Find the electron wavelengths that correspond to the n = 2 
and n = 3 orbits shown in Fig. 39.22.

EVALUATE
 7. Check your result in step 5 by calculating the wavelength 

needed to excite a hydrogen atom from the ground level into 
the level above the highest-energy level that you found in step 5. 
Is it possible for light in the range of wavelengths you found in 
step 4 to excite hydrogen atoms from the ground level into this 
level?

 8. How do the electron wavelengths you found in step 6 compare 
to the wavelength of a photon emitted in a transition from the 
n = 3 level to the n = 2 level?

BRIDGING PROBLEM  HOT STARS AND HYDROGEN CLOUDS

SOLUTION

39.36 The Rosette Nebula.
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External disturbances

Examples:

Train and Atomic Force Measurement

Building construction by driving poles in the ground versus length
measurements

Temperature and humidity variations

...

Monte Carlo simulations: by determining the uncertainties of each item
and simulating the effect on the whole.
Central limit theorem.
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Non-linear system behaviour

Small input might lead to large /no /small output effects.
The butterfly effect.
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Entropy

670    CHAPTER 20 The Second Law of Thermodynamics

20.20 The mixing of colored ink and water 
starts from a state of low entropy in which 
each fluid is separate and distinct from the 
other. In the final state, both the ink and 
water molecules are spread randomly 
throughout the volume of liquid, so the  
entropy is greater. Spontaneous unmixing 
of the ink and water, a process in which 
there would be a net decrease in entropy, 
is never observed.

Entropy and the Second Law
The results of Example 20.10 about the flow of heat from a higher to a lower tem-
perature are characteristic of all natural (that is, irreversible) processes. When 
we include the entropy changes of all the systems taking part in the process, the 
increases in entropy are always greater than the decreases. In the special case of 
a reversible process, the increases and decreases are equal. Hence we can state 
the general principle: When all systems taking part in a process are included, 
the entropy either remains constant or increases. In other words: No process 
is possible in which the total entropy decreases, when all systems taking part 
in the process are included. This is an alternative statement of the second law 
of thermodynamics in terms of entropy. Thus it is equivalent to the “engine” and 
“refrigerator” statements discussed earlier. Figure 20.20 shows a specific exam-
ple of this general principle.

The increase of entropy in every natural, irreversible process measures the 
increase of randomness in the universe associated with that process. Consider 
again the example of mixing hot and cold water (Example 20.10). We might have 
used the hot and cold water as the high- and low-temperature reservoirs of a heat 
engine. While removing heat from the hot water and giving heat to the cold water, 
we could have obtained some mechanical work. But once the hot and cold water 
have been mixed and have come to a uniform temperature, this opportunity to 
convert heat to mechanical work is lost irretrievably. The lukewarm water will 
never unmix itself and separate into hotter and colder portions. No decrease in 
energy occurs when the hot and cold water are mixed. What has been lost is the 
opportunity to convert part of the heat from the hot water into mechanical work. 
Hence when entropy increases, energy becomes less available, and the universe 
becomes more random or “run down.”

TEST YOUR UNDERSTANDING OF SECTION 20.7  Suppose 2.00 kg of water at 
50°C spontaneously changes temperature, so that half of the water cools to 0°C while the 
other half spontaneously warms to 100°C. (All of the water remains liquid, so it doesn’t 
freeze or boil.) What would be the entropy change of the water? Is this process possible? 
(Hint: See Example 20.10.) ❙

20.8 MICROSCOPIC INTERPRETATION  
OF ENTROPY
We described in Section 19.4 how the internal energy of a system could be calcu-
lated, at least in principle, by adding up all the kinetic energies of its constituent 
particles and all the potential energies of interaction among the particles. This 
is called a microscopic calculation of the internal energy. We can also make a 
microscopic calculation of the entropy S of a system. Unlike energy, however, 

DATA SPEAKS
The Second Law of 
Thermodynamics
When students were given a problem  
involving the second law of thermody-
namics, more than 40% gave an incorrect 
response. Common errors:

● Losing track of the algebraic sign of heat. 
Q is positive if heat flows into a system 
but negative if heat flows out of the  
system (that is, is rejected by the system).

● Losing track of the sign of entropy 
change. The entropy of a system  
increases 1∆S 7 02 if heat flows into  
it but decreases 1∆S 6 02 if heat flows 
out of it. If heat flows from object A to 
object B, ∆S is negative for A but posi-
tive for B.
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(Young & Freedman, University Physics.)
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The Second Law of Thermodynamics

Experimental evidence suggests strongly that it is impossible to build a
heat engine that converts heat completely to work - that is, an engine with
100% thermal efficiency. (Young & Freedman, University Physics.)
Thus:
Energy degradation. Heat is the lowest category of energy.
It can only partially be upgraded to higher categories of energy like
electrical energy/kinetic energy/ light and so on.
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Einstein, Podolsky, Rosen paradox

More detailsMore detailsThe EPR thought experiment, performed with electron–positron pairs.
A source (center) sends particles toward two observers, electrons to

EPR illustration.
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It is one thing to say that physical measurement of the first particle’s
momentum affects uncertainty in its own position, but to say that
measuring the first particle’s momentum affects the uncertainty in the
position of the other is another thing altogether. Einstein, Podolsky and
Rosen asked how can the second particle ”know” to have precisely defined
momentum but uncertain position? Since this implies that one particle is
communicating with the other instantaneously across space, i.e., faster
than light, this is the ”paradox”.
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System Reliability, in series

In case of independent components, equation above becomes:

Rsystem = P(X1) ∗ P(X2) ∗ . . . ∗ P(Xn) =
n∏

i=1

P(Xi ) (2)
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System Reliability, in series

See: eliawiki.org/index.php/RBDsandAnalyticalSystemReliability
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Reliability Simple Parallel Systems

Unreliability of simple parallel systems:

Qsystem = P(X1) ∗ P(X2) ∗ . . . ∗ P(Xn) =
n∏

i=1

P(Xi ) (3)

Rsystem = 1 − Qsystem = 1 −
n∏

i=1

(1 − Ri ) (4)
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System Reliability, in parallel
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