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First: A Return to the Rainbow At a boundary between two media, there is a change 
in the index, and so there is a reflection  

A difference in index causes bending (refraction) too.
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18.3 Refraction
FIGURE 18.15 shows light passing through a glass prism. The light goes from the air 
into the glass, then back into the air. Two things happen when a light ray crosses the 
boundary between the air and the glass:

 ■ Part of the light reflects from the boundary, obeying the law of reflection. This is 
how you see reflections from pools of water or storefront windows, even though 
water and glass are transparent.

 ■ Part of the light continues into the glass. It is transmitted rather than reflected, 
but the transmitted ray changes direction as it crosses the boundary. The trans-
mission of light from one medium to another, but with a change in direction, is 
called refraction.

 NOTE  ▶ The transparent material through which light travels is called the 
medium (plural media). ◀

In Figure 18.15, the ray changes direction as the light enters the glass, and also 
as it leaves. This is the central concept we’ll deal with when we consider refraction, 
the change in direction that occurs when light crosses from one medium into 
another.

Reflection from the boundary between transparent media is usually weak. Most 
of the light is refracted and passes through the boundary; usually only a small frac-
tion is reflected. Our goal in this section is to understand refraction, so we will usu-
ally ignore the weak reflection and focus on the transmitted light.

FIGURE 18.16a shows the refraction of light rays from a parallel beam of light, such 
as a laser beam, and rays from a point source. These pictures remind us that an infi-
nite number of rays are incident on the boundary, but our analysis will be simplified 
if we focus on a single light ray. FIGURE 18.16b is a ray diagram showing the refraction 
of a single ray at a boundary between medium 1 and medium 2. Let the angle 
between the ray and the normal be u1 in medium 1 and u2 in medium 2. Just as for 
reflection, the angle between the incident ray and the normal is the angle of inci-
dence. The angle on the transmitted side, measured from the normal, is called the 
angle of refraction. Notice that u1 is the angle of incidence in Figure 18.16b but is 
the angle of refraction in FIGURE 18.16c, where the ray is traveling in the opposite 
direction.

In 1621, Dutch scientist Willebrord Snell proposed a mathematical statement of 
the “law of refraction” or, as we know it today, Snell’s law. If a ray refracts between 
medium 1 and medium 2, which have indices of refraction n1 and n2 , the ray angles 
u1 and u2 in the two media are related by

Reflected ray

Incident ray

Ray refracted
at glass-air
boundary

Ray refracted
at air-glass
boundary

FIGURE 18.15 A light beam refracts twice 
in passing through a glass prism.

 

Video  Index of Refraction

(a) Refraction of parallel and point-source rays

Refraction of a
parallel beam of
light

Refraction of
rays from a point
source

The ray has
a kink at the
boundary.

Angle of
refraction

Angle of
incidence 

(b) Refraction from lower-index medium to 
higher-index medium

Refracted
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Incident
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Normal

Weak reflected ray

Medium 2
Assume n2  7  n1u2

u1
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incidence

Angle of
refraction

Refracted
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Weak reflected ray
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Medium 2
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(c) Refraction from higher-index medium to 
lower-index medium

FIGURE 18.16 Refraction of light rays.

 n1 sin u1 = n2 sin u2 (18.2)

Snell’s law for refraction between two media

Notice that Snell’s law does not mention which is the incident angle and which 
the refracted angle.

TABLE 18.1 on the next page lists the indices of refraction for several media. The n 
in the law of refraction, Equation 18.2, is the same index of refraction n we studied 
in ◀◀  SECTION  17.1. There we found that the index of refraction determines the speed 
of a light wave in a medium according to v = c/n. Huygens’ principle can be used to 
show that Snell’s law is a consequence of the change in the speed of light as it 
moves across a boundary between media.

Examples of Refraction
Look back at Figure 18.16. As the ray in Figure 18.16b moves from medium 1 to 
medium 2, where n2 7 n1, it bends closer to the normal. In Figure 18.16c, where the 
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Dispersion

Blue bends more

Total Internal Reflection
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Total Internal Reflection
What would have happened in Example 18.4 if the prism angle had been 45° rather 
than 30°? The light rays would approach the rear surface of the prism at an angle of 
incidence u1 = 45°. When we try to calculate the angle of refraction at which the ray 
emerges into the air, we find

sin u2 =
n1

n2
 sin u1 =

1.59
1.00

 sin 45° = 1.12

u2 = sin-111.122 = ???

Angle u2 cannot be computed because the sine of an angle can’t be greater than 1. 
The ray is unable to refract through the boundary. Instead, 100% of the light reflects 
from the boundary back into the prism. This process is called total internal reflection, 
often abbreviated TIR. That it really happens is illustrated in FIGURE 18.20. Here, three 
light beams strike the surface of the water at increasing angles of incidence. The two 
beams with the smallest angles of incidence refract out of the water, but the beam with 
the largest angle of incidence undergoes total internal reflection at the water’s surface.

FIGURE 18.21 shows several rays leaving a point source in a medium with index of 
refraction n1 . The medium on the other side of the boundary has n2 6 n1 . As we’ve 
seen, crossing a boundary into a material with a lower index of refraction causes the 
ray to bend away from the normal. Two things happen as angle u1 increases. First, 
the refraction angle u2 approaches 90°. Second, the fraction of the light energy that 
is transmitted decreases while the fraction reflected increases.

A critical angle uc  is reached when u2 = 90°. Snell’s law becomes n1 sin uc =  
n2 sin 90°, or

Video Figure 18.21

FIGURE 18.18 shows a laser beam deflected by a 30°-60°-90° 
prism. What is the prism’s index of refraction?

Measuring the index of refraction

SOLVE From the geometry of the triangle we find that the laser’s 
angle of incidence on the hypotenuse of the prism is u1 = 30°, 
the same as the apex angle of the prism. The ray exits the prism 
at angle u2 such that the deflection is f = u2 - u1 = 22.6°. Thus 
u2 = 52.6°. Knowing both angles and n2 = 1.00 for air, we use 
Snell’s law to find n1 :

n1 =
n2 sin u2

sin u1
=

1.00 sin 52.6°
sin 30°

= 1.59

ASSESS Referring to the indices of refraction in Table 18.1, we 
see that the prism could be made of polystyrene plastic.

EXAMPLE 18.4 

30°

22.6°

60°

Laser beam

FIGURE 18.18 A prism deflects a laser beam.

STRATEGIZE We will represent the laser beam with a single ray 
and use the ray model of light.

PREPARE FIGURE 18.19 uses the steps of Tactics Box 18.1 to draw 
a ray diagram. The ray is incident perpendicular to the front face 
of the prism 1ui = 0°2; thus it is transmitted through the first 
boundary without deflection. At the second boundary it is espe-
cially important to draw the normal to the surface at the point of 
incidence and to measure angles from the normal.

30°

60°

Normal

Angle of incidence
n1

n2  =  1.00 

u1  =  30° 

u1
u2  =  u1  +  f
Angle of refraction

f  =  22.6°

u1 and u2 are measured from the normal.

FIGURE 18.19 Visual overview of a laser beam passing 
through the prism.

FIGURE 18.20 One of the three beams of 
light undergoes total internal reflection.

Transmission is getting weaker.
Angle of incidence is increasing.

Reflection is getting stronger.

n1

n2  6  n1

uc

u2  =  90°

u1  7  uc

Critical angle is when u2  =  90°.

Total internal reflection
occurs when u1  7  uc.

FIGURE 18.21 Refraction and reflection of 
rays as the angle of incidence increases.

 uc = sin-1an2

n1
b (18.3)

Critical angle of incidence for total internal reflection
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676  C H A P T E R  19 Optical Instruments

Rainbows
You have no doubt seen a rainbow after an evening rainstorm. FIGURE 19.22a shows that the 
basic cause of the rainbow is a combination of refraction, reflection, and dispersion.

Example 18.4 showed that the deflection angle is f = u2 - u1 , 
so deep red light is deflected by fred = 20.35°. This angle 
is slightly smaller than the deflection angle for violet light, 
fviolet = 22.60°.

b. The entire spectrum is spread between fred = 20.35° and 
fviolet = 22.60°. The angular spread is

d = fviolet - fred = 2.25° = 0.0393 rad

c. At distance r, the spectrum spans an arc length

s = rd = 12.0 m210.0393 rad2 = 0.0785 m = 7.9 cm

ASSESS Notice that we needed three significant figures for 
fred and fviolet in order to determine d, the difference between 
the two angles, to two significant figures. The angle is so small 
that there’s no appreciable difference between arc length and a 
straight line. The spectrum is 7.9 cm wide at a distance of 2.0 m.

(a)

1. The sun is behind
 your back when
 you see a rainbow.

2. Dispersion causes different colors
 to refract at different angles.

3. Most of the light refracts
 into the air at this point,
 but a little reflects back
 into the drop.

4. Dispersion separates the
 colors even more as the rays
 refract back into the air.

Sunlight

 

(b) Red light is refracted
predominantly at 42.5°. The red
light reaching your eye comes
from drops higher in the sky.

Violet light is refracted
predominantly at 40.8°. The violet
light reaching your eye comes
from drops lower in the sky.

You see a rainbow with red on
the top, violet on the bottom.

Eye

Sunlight
42.5°

40.8°

FIGURE 19.22 Light seen in a rainbow has undergone refraction +  reflection +  refraction 
in a raindrop.

The rays leaving the drop in Figure 19.22a are spreading apart, so they can’t all 
reach your eye. As FIGURE 19.22b shows, a ray of red light reaching your eye comes 
from a drop higher in the sky than a ray of violet light. A rainbow is a mosaic; each 
droplet that forms the rainbow sends a particular wavelength of light toward you. 
You need to look higher in the sky to see the droplets that send rays of red light 
toward your eye, lower in the sky to see the droplets that send violet light toward 
your eye.

Colored Filters and Colored Objects
White light that passes through a piece of green glass emerges as green light. A pos-
sible explanation would be that the green glass adds “greenness” to the white light, 
but Newton found otherwise. Green glass is green because it removes any light that 
is “not green.” More precisely, a piece of colored glass absorbs all wavelengths 
except those of one color, and that color is transmitted through the glass without 
hindrance. We can think of a piece of colored glass or plastic as a filter that removes 
all wavelengths except a chosen few.

Red filter

Green filterBlack where
filters overlap

No light at all passes through both a green 
and a red filter.

White light passes through a green filter and is observed on a screen. Describe how the 
screen will look if a second green filter is placed between the first filter and the screen. 
Describe how the screen will look if a red filter is placed between the green filter and 
the screen.

REASON The first filter removes all light except for wavelengths near 550 nm that we 
perceive as green light. A second green filter doesn’t have anything to do. The non-
green wavelengths have already been removed, and the green light emerging from the 
first filter will pass through the second filter without difficulty. The screen will con-
tinue to be green and its intensity will not change. A red filter, by contrast, absorbs all 
wavelengths except those near 650 nm. The red filter will absorb the green light, and no 
light will reach the screen. The screen will be dark.

CONCEPTUAL EXAMPLE 19.16 Filtering light
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Making a Rainbow



Energy
The universal currency for making things happen.

And Energy Has a Special Property

Energy is conserved.
It cannot be created or destroyed.

It can only be converted from one form to another.

This is a law of nature that is universal: 
It applies in all places at all times, absolutely.

Energy comes in many different forms.
Mechanical energy:

Ug UsK

Thermal 
energy:

Eth

Other forms include:

Echem Enuclear

Energy Toys

Explain the operation in terms of forms of energy.

Forms of Energy
Kinetic energy Energy of motion. If something is moving, it has kinetic energy. Moving 

faster means more kinetic energy.

Gravitational potential energy If something is up high, it has a lot; if something is down low, it doesn’t.

Elastic potential energy Stored in springs, or in springy materials. More stretch means more 
energy.

Radiant energy The energy of light and other waves, like microwaves.

Electric energy The energy of moving charges in circuits.

Chemical energy Energy stored in the form of chemical: Food, fuel and the like.

Nuclear energy Energy stored in the nuclei of atoms.

Thermal energy When something is hot, it has a lot; when it is cold, it has a little.

Thermal Energy is Special.

Kinetic to thermal.

Kinetic to thermal.

Chemical to thermal.

Nuclear to thermal.

Remember
A motor is a generator

Question
Why doesn’t the second fan 

spin as fast as the first?



Question
My electric car gets the equivalent of 180 mpg.

Why is it so much more efficient than a gas 
powered vehicle?

Reason #1:
A typical gasoline engine is only 9% efficient:

91 % of the energy is converted to thermal energy.
The electric engine is much more efficient.

Reason #2:
Recovering energy when you stop!

I use the brakes about once per month.

Power

P =
ΔE
Δt

P =
W
Δt

Unit:
J/s = W

Transformation: Transfer:

Power is a rate...
• Same mass...
• Both reach 60 mph...

Same final kinetic energy, but
different times mean 

different powers.

Device Typical Power

Laptop 10 W

LED bulb for reading 20 W

Television 60 W

Refrigerator 600 W

Vacuum Cleaner 1000 W

Typical Home, Excluding Heating and Cooling 1000 W

Toaster 1500 W

Clothes Dryer 5000 W

Electric Car 1,000 W to 150,000 W

It takes a rather modest force of about 180 N (about 40 lb) (including drag 
and friction) to drive a Corvette down the road at 20 m/s (about 45 mph).

Milo:
Mass: 25 kg 
Max pulling force: 200 N



Milo:
Mass: 25 kg 
Max pulling force: 200 N
Max power output: about 750 W (about 1 hp)
Max sustained power: about 200 W

To move a Corvette down the road at 45 mph takes 
more power than Milo can muster.

3600 W or about 5 hp

Why does the Corvette have such a powerful engine? Changing speed from 0 mph to 60 mph in 4 seconds 
requires a great deal of power.

225 kW or about 300 hp 

1200 W = 1.6 hp

An elite 70 kg human 
sprinter can accelerate from 
rest to 10 m/s in 3.0 s.

The power output is pretty 
modest….

Pedaling my recumbent 
tricycle at a steady 12 mph 
requires about 180 W of 
energy output.

If I cycle at a steady speed of 
12 mph, my power output is 
about 180 W. My body is 
using about 720 W of 
chemical energy.

Where does this energy 
come from?

Energy Inputs

1 large jellybean = 1 minute of riding



Glucose from the digestion of 
food combines with oxygen 
that is breathed in to produce...

C H O  + 6O   6CO  + 6H O + energy6 12 6 2  

Oxygen Carbon 
dioxide

WaterGlucose

...carbon dioxide, which is 
exhaled, water, which can be 
used by the body, and energy.

2 2

When You Make Energy, You Make Water. Glucose from the digestion of 
food combines with oxygen 
that is breathed in to produce...

C H O  + 6O   6CO  + 6H O + energy6 12 6 2  

Oxygen Carbon 
dioxide

WaterGlucose

...carbon dioxide, which is 
exhaled, water, which can be 
used by the body, and energy.

2 2

Making water

If I cycle at a steady speed of 
12 mph, my power output is 
about 180 W. My body is 
using about 720 W of 
chemical energy.

Where does this energy go?

How does 
my body 
get rid of 

the excess 
thermal 
energy?

Phase Changes
It takes energy to convert a solid to a 
liquid, and to convert a liquid to a gas.

75% of the 
cooling comes 

from the melting.

Cooling Cocoa
Why does blowing on 

a hot cup of cocoa 
cool it off?

Entropy:
A measure 

of 
disorder.

But in a pretty 
specific 
manner.

Messy, but 
not high 
entropy.

Entropy
Ordered

There is a temperature 
difference, so you can 

distinguish between the 
two sides.

Low entropy

Disordered
The energy is spread out 

evenly, so you can’t 
distinguish between the 

two sides.
High entropy



This 
means an 
increase in 
entropy.

You can tell 
the difference.

There is 
order.

You can’t tell 
the difference.

There is 
disorder.

As heat flows from hot to cold, the 
entropy of the universe increases.

This increase in entropy happens in other 
situations as well.

Systems Always Evolve to the Most Probable State.

The 2nd Law of Thermodynamics:
The Entropy of the Universe Always Increases

The Second Law of  Thermodynamics

Thermal 
energy has 
entropy. 
Other 
forms 
don’t.

Low
Entropy

High
Entropy
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12.1 The Atomic Model of Matter
We began exploring the concepts of thermal energy, temperature, and heat in 
 Chapter 11, but many unanswered questions remain.  How do the properties of mat-
ter depend on temperature? When you add heat to a system, by how much does its 
temperature change? And how is heat transferred to or from a system?

These are questions about the macroscopic state of systems, but we’ll start our 
exploration by looking at a microscopic view, the atomic model that we’ve used to 
explain friction, elastic forces, and the nature of thermal energy. In this chapter, 
we’ll use the atomic model to understand and explain the thermal properties of 
matter.

As you know, each element and most compounds can exist as a gas, liquid, or 
solid. You’ve certainly learned about these three phases of matter earlier in your 
education. An atomic view of the three phases is shown in FIGURE 12.1.

Our atomic model makes a simplification that is worth noting. The basic particles 
in Figure 12.1 are drawn as simple spheres; no mention is made of the nature of the 
particles. In a real gas, the basic particles might be helium atoms or nitrogen mole-
cules. In a solid, the basic particles might be the gold atoms that make up a bar of 
gold or the water molecules that make up ice. But, because many of the properties of 
gases, liquids, and solids do not depend on the exact nature of the particles that make 
them up, it’s often a reasonable assumption to ignore these details and just consider 
the gas, liquid, or solid as being made up of simple spherical particles.

Atomic Mass and Atomic Mass Number
Before we see how the atomic model explains the thermal properties of matter, we 
need to remind you of some “atomic accounting.” Recall that atoms of different ele-
ments have different masses. The mass of an atom is determined primarily by its 
most massive constituents: the protons and neutrons in its nucleus. The sum of the 
number of protons and the number of neutrons is the atomic mass number A:

A = number of protons + number of neutrons

A, which by definition is an integer, is written as a leading superscript on the 
atomic symbol. For example, the primary isotope of carbon, with six protons (which 
is what makes it carbon) and six neutrons, has A = 12 and is written 12C. The radio-
active isotope 14C, used for carbon dating of archeological finds, contains six pro-
tons and eight neutrons.

The atomic mass scale is established by defining the mass of 12C to be exactly 
12 u, where u is the symbol for the atomic mass unit. That is, m112C2 = 12 u. In kg, 
the atomic mass unit is

1 u = 1.66 * 10-27 kg

Atomic masses are all very nearly equal to the integer atomic mass number A. For 
example, the mass of 1H, with A = 1, is m = 1.0078 u. For our present purposes, it 
will be sufficient to use the integer atomic mass numbers as the values of the atomic 
mass. That is, we’ll use m11H2 = 1 u, m14He2 = 4 u, and m116O2 = 16 u. For mol-
ecules, the molecular mass is the sum of the atomic masses of the atoms that form 
the molecule. Thus the molecular mass of the molecule O2 , the constituent of oxy-
gen gas, is m1O22 = 2m116O2 = 32 u.

 NOTE  ▶ An element’s atomic mass number is not the same as its atomic number. 
The atomic number, which gives the element’s position in the periodic table, is 
the number of protons. ◀

TABLE 12.1 lists the atomic mass numbers of some of the elements that we’ll use for 
examples and homework problems. A complete periodic table, including atomic 
masses, is found in Appendix B.

In a gas, the particles are 
in random motion and 
interact only through 
elastic collisions.

In a liquid, the 
particles have weak 
bonds that keep them 
close together. The 
particles can slide 
around each other, so 
the liquid can flow.

In a rigid solid, the 
particles are connected 
by relatively stiff 
spring-like bonds.

FIGURE 12.1 Atomic models of the three 
phases of matter: gas, liquid, and solid.

TABLE 12.1 Some atomic mass numbers

Element Symbol A

Hydrogen  1H 1

Helium  4He 4

Carbon  12C 12

Nitrogen  14N 14

Oxygen  16O 16

Neon  20Ne 20

Aluminum  27Al 27

Argon  40Ar 40

Lead  207Pb 207
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is what makes it carbon) and six neutrons, has A = 12 and is written 12C. The radio-
active isotope 14C, used for carbon dating of archeological finds, contains six pro-
tons and eight neutrons.

The atomic mass scale is established by defining the mass of 12C to be exactly 
12 u, where u is the symbol for the atomic mass unit. That is, m112C2 = 12 u. In kg, 
the atomic mass unit is

1 u = 1.66 * 10-27 kg

Atomic masses are all very nearly equal to the integer atomic mass number A. For 
example, the mass of 1H, with A = 1, is m = 1.0078 u. For our present purposes, it 
will be sufficient to use the integer atomic mass numbers as the values of the atomic 
mass. That is, we’ll use m11H2 = 1 u, m14He2 = 4 u, and m116O2 = 16 u. For mol-
ecules, the molecular mass is the sum of the atomic masses of the atoms that form 
the molecule. Thus the molecular mass of the molecule O2 , the constituent of oxy-
gen gas, is m1O22 = 2m116O2 = 32 u.

 NOTE  ▶ An element’s atomic mass number is not the same as its atomic number. 
The atomic number, which gives the element’s position in the periodic table, is 
the number of protons. ◀

TABLE 12.1 lists the atomic mass numbers of some of the elements that we’ll use for 
examples and homework problems. A complete periodic table, including atomic 
masses, is found in Appendix B.

In a gas, the particles are 
in random motion and 
interact only through 
elastic collisions.

In a liquid, the 
particles have weak 
bonds that keep them 
close together. The 
particles can slide 
around each other, so 
the liquid can flow.

In a rigid solid, the 
particles are connected 
by relatively stiff 
spring-like bonds.

FIGURE 12.1 Atomic models of the three 
phases of matter: gas, liquid, and solid.

TABLE 12.1 Some atomic mass numbers

Element Symbol A

Hydrogen  1H 1

Helium  4He 4

Carbon  12C 12

Nitrogen  14N 14

Oxygen  16O 16

Neon  20Ne 20

Aluminum  27Al 27

Argon  40Ar 40

Lead  207Pb 207
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12.1 The Atomic Model of Matter
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Different forms of matter have different entropy.

Solid Liquid Gas



Freezing is hot???
Why does heat come out of the pack as it freezes?

How does entropy change?
What happens to the entropy of the pack as it freezes?
The entropy of the surrounding environment?

Heat Pumps

Condenser

Evaporator

When You Stretch a 
Rubber Band…

…you straighten out the 
polymers.

Heat Pump
You can pump 5 units of heat 
for 1 unit of electric energy.

50°F water from underground used for cooling system.
50°F water from underground used to make 120°F water for heating system. 

8 J of heating for 1 J of energy

Electric Heater
1 unit of heat costs

1 unit of electric energy

Gas Powered Car
Engine is 9% efficient.

91% of energy is converted to thermal energy.
Use the heater as much as you want!



Electric Car
Engine is nearly 100% efficient.

If you want to run the heater, it’s gonna cost you.
But you can run the air conditioner—it’s a heat pump.

Heat Engines

Heat energy 
is transferred 
from the hot 
water.

Excess heat 
energy is 
transferred 
into the cold 
water.

Energy is 
extracted to 
run the fan.

Q
H

Q
C

W
out

System

Each second:
2000 MJ from reactions in the core

700 MJ of electricity

1300 MJ of thermal energy deposited in the environment

A hurricane is a 
heat engine.

The Arrow of 
Time

What distinguishes 
the past from the 

future?

Entropy is higher in the future.

This is the only basic law of nature that has a time direction. And it’s a law of nature that you can violate.
You can build a machine that reduces entropy.


