PHY 103: Ideas in Physics
Physics for Future Presidents

• PHY 103-0-20 (32518): Tuesday and Thursday, 4:00-5:20 pm,
Technological Institute M177.

• Course web site: tinyurl.com/97kzup8, plus possible material
posted on Blackboard.

• Prof. Chris Jacobsen.

I was a Professor at Stony Brook University from
1991 til 2010, when I moved to a joint position between Argonne Lab and
Northwestern. Personal web page: tinyurl.com/7ch2rzp

• My office is in Pancoe 4105.

I’m best reached by email at

c-jacobsen@northwestern.edu. I’m not often alone in either my
Argonne or Northwestern offices, so email me to set up an office
appointment or a Skype appointment (cjjxray)!

• On most Tuesdays and Thursdays I’ll be in my Northwestern office by

2:30 pm, and I’m happy to stay after class to chat or set up a meeting.

• You can see my availability by looking at my online calendar:
tinyurl.com/6m9g4b8
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About Argonne Lab
Multipurpose, non-defense national laboratory operated by the University of
Chicago for the US Department of Energy. ~$700M/year, 3400 employees.
Northwestern

North gate/
visitor center
41 43 06 n,
87 58 44 w

Argonne

Room 431-C010
41 42 17 n,
87 59 10 w
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The Advanced Photon Source

• A 7 GeV electron that is one of the brightest sources of 10-100 keV X
rays on the planet. About 1 km in circumference, with about 65
experimental endstations. Planning a $400M upgrade.
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Visiting Argonne

• We are tentatively planning on making a field trip to Argonne Lab.

This is
tentatively scheduled for Tuesday, Feb. 19, in a coach bus. Our plan is
to leave Northwestern at 3:00 pm, and return to campus around 8 pm.

• Homework #1: please send me an email with your name, your country of
citizenship, and confirm that you are 18 or older as of Feb. 19. (Even
though Argonne does not do defense-related research, and even though
it employs hundreds of non-USA-citizens as staff scientists, it’s a
Department of Energy lab: non-USA-citizens must get advance approval
to visit the site). Please also indicate any conflicts you might have with a
3 pm Tuesday departure from campus.

• You’ll get to see what big science in service of the nation looks like!
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Physics for Future Presidents
You are the newly-inaugurated President of the nation, or a newly-hired
President of a company. Suddenly you are confronted with a crucial
decision (What should the USA do about the aging of its nuclear weapons
stockpile, or investments in the space program? Will future energy prices
make us profit, or lose money, if we invest now to develop product X?).
This course equips the future President with enough knowledge of the
physics behind several topical subjects to approach the decision
intelligently, even in the face of conflicting advice. Intelligent discussions of
technology require numbers, so very basic algebra skills will be put to use,
but the President has no time for higher math. Politics is the art of
balancing competing demands, and business involves profitably serving
customers, so the economics of many technologies will also be discussed.
Course web site: tinyurl.com/97kzup8
Patterned loosely on a course of the same name by Richard
Muller at UC Berkeley; author of our main textbook
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US News & World Report: rankings 2012
US News
rank
1
1
3
4
5
5
5
5
5
10
11
12
13
14
15
15
17
17
19

Universities
Harvard
Princeton
Yale
Columbia
Caltech
MIT
Stanford
U Chicago
U Penn
Duke
Dartmouth
Northwestern
Johns Hopkins
Washington University
Brown
Cornell
Vanderbilt
Rice
Notre Dame

US News
#
undergrads rank
6,641
1
5,220
2
5,310
3
5,888
4
967
5
4,299
6
6,940
6
5,238
6
9,865
9
6,664
10
4,248
11
8,443
12
5,935
12
7,138
14
6,318
14
3,529
14
6,879
17
3,529
18
8,442
19
19

#
undergrads
Colleges
Williams
2,029
Amherst
1,795
Swarthmore
1,524
Pomona
1,560
Middlebury
2,532
Bowdoin
1,762
Carleton
2,020
Wellesley
2,411
Claremont McKenna
1,261
Haverford
1,177
Davidson
1,742
Washington and Lee
1,759
Wesleyan
2,854
West Point
4,686
US Naval Academy
4,603
Vassar
2,446
Hamilton
1,861
Harvey Mudd
773
Grinnell
1,655
Smith
1,655
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You are not the 99%
Total freshmen at top 20 colleges
and top 20 universities
Total US 4-year college and
university freshmen
Fraction of US college and university
freshmen in top 20 colleges and top
20 universities
Total US 18 year olds
Fraction of US 18 year olds in top 20
colleges and top 20 universities

Source: 2012 US News &
38,400
World Report
Source: US National Education
1,804,053
Statistics (tinyurl.com/7oba4nr)
2.13%
Source: US Census
4,391,817
(tinyurl.com/7y9hazc)
0.87%

Might we have some future presidents
(and opinion leaders) in this room?
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What this course will entail
1. Still tweaking! It’s a new course at Northwestern, and a new course to
me - doing it now for the second time (I have taught many courses for
non-physics majors over the years, though).
2. We will have two exams: Tuesday, Feb. 12 at 4-5:20 pm (15%), and
Tuesday, March 19, at 7-9 pm (20%). They will involve some simple
mathematical estimations, some knowledge testing, and a short in-class
essay.
3. You’ll write one paper 3-5 pages in length (15%), and another that is
8-10 pages in length (20%).
4. You’ll have a variety of short assignments over the quarter which will
total up to 20% of the grade.

•

Homework #2 (due on-line by Wednesday, January 9 at 6 pm) is a one-page
briefing document: Madam President, I wish to bring before you what I feel are
the five most pressing physics-related challenge facing {our company | our
country}...

5. You should participate in class (5%+5%). Participation can include
asking good questions, making good arguments or counter-arguments,
or bringing in informative perspectives.
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Some ground rules

• Discussion is encouraged!
• It’s OK to express your opinion and/or political view in brief; but separate
opinions from facts. “You are entitled to your own opinion, but you are
not entitled to your own facts” - attributed to Daniel Patrick Moynihan.

• “Facts are stubborn things; and whatever may be our wishes, our

inclinations, or the dictates of our passion, they cannot alter the state of
facts and evidence” - John Adams, Argument in defense of the soldiers in
the Boston Massacre Trials, 1770. However, there is uncertainty
associated with some “facts,” and often the reporting of facts is selective.

• Incredible claims require exceptional proof.

One web site does not

constitute exceptional proof.

• Multiple independent sources are good.

Government agencies tend to
have solid data, but sometimes companies provide information that is
generally regarded as reliable by a wide array of experts in the field
(example: BP’s annual energy report).

• Wikipedia is useful, and generally pretty reliable, but it is intellectually
lazy to rely on it alone.
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Why do Presidents need to know physics?

• Physics is the liberal arts of all science and engineering.
• Our world is being reshaped by huge technological and cultural changes
driven at the core by physics:

• Energy
• Industrialization, shaped by the exploitation of energy sources, by measurement
theory, and by new materials.

• Transportation, driven by energy sources and industrialization, and also by basic
physics understandings of fluid flow and momentum.

• Warfare:
•
•
•

Unrestricted warfare between major nations is mutually suicidal.
Small scale attacks can be carried out by remote control.
Super-angry individuals can exploit technology to wreak havoc.

• Information exchange - driven by computers, fiber optics, and information theory.
• Resource utilization and allocation, which requires you to sort out the possible
from the fictional.

You can’t really understand our world without physics!
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Why aren’t there many Physicists
who are Presidents?

• Physicists tend to try to understand simple model systems in great detail.
The real world is messy...

• Physicists are not democratic.

We don’t choose among theories or
explanations by votes; we test against experiments and observations.

• Decisions in the political sphere are... well... political - and that’s not all
bad!

• Decisions in the real world involve economics, which one might say is the
science of how we make choices.
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Mathematics and experiment

• Physics is more than word pictures: it involves precise mathematical
relationships.

• Physicists don’t claim to understand something until they can calculate
them, and then test their calculations agains experiment.

• We need to distinguish between the consequential and the trivial.
• For Presidents, doing math quickly and in your head is a virtue, and
answers good to 10% are good enough; your staff can work out the
details

• We need to understand what scientists mean by theories: testable and

self-consistent models that, at a given time, represent the best match to
related conceptual models, and to empirical observations and
experimental tests.

• Classical mechanics and electrodynamics, theory of relativity, quantum
mechanics, string theory...

• Relativity is not “just a theory”; it’s a theory that is consistent with our

understanding of electricity and magnetism, and with observations on high energy
particle properties, and with observations of astronomical phenomena.
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Exponent and
mantissa
Binomial
approximation
Units of
measurement
Age of earth, and
the universe
Hubble constant

Big and small numbers
• Spit big numbers into mantissa and exponent: 2.0×109 is the same

as 2,000,000,000 or 2 billion.
• In the above, 2.0 is the mantissa and 9 is the exponent (of ten).
• When adding or subtracting numbers, put them both in a form of
having the same exponent:

Homework

2.0 × 109 − 8.0 × 108
and

9

2.0 × 10 − 5.3 × 10

7

=

2.0 × 109 − 0.80 × 109

=

(2.0 − 0.80) × 109 = 1.2 × 109

=

2.0 × 109 − 0.053 × 107

=

(2.0 − 0.053) × 109

=

2.0 × 109

• Why did we write 2.0-0.053=2.0?
1 The president needs to do math only to 10% accuracy, or 0.2 in 2.0.
2 When we write a number as 2.0, we imply that the thing we’re
measuring is only really known to be closer to 2.0 than 1.9 or 2.1. If
we wrote 2.000, we are implying it’s known between 1.999 and
2.001.
3 Is “about $100” equal to “about 75.84 e” ?

Multiplying and dividing
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• When dividing numbers in mantissa·10exponent notation, you

add the exponents on top and subtract the exponents on the bottom:

Homework

5.3 × 103
5.3
× 103−(−4) = 1.1 × 107
=
−4
4.7 × 10
4.7
and
4 × 10−4 · 3 × 106
12
=
× 10−4+6−2 = 2 × 100 = 2 × 1 = 2
6 × 102
6
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Shorthand for exponents
• Because big and small numbers appear all the time, there’s an

agreed-upon set of prefixes associated with mantissas divisible by
3:
Exa or E: 1018
Giga or G: 109
milli or m: 10−3
pico or p: 10−12

Peta or P: 1015
Mega or M: 106
micro or µ: 10−6
femto or f: 10−15

Tera or T: 1012
kilo or k: 103
nano or n: 10−9
atto or a: 10−18

• Thus 3.0 nanometers is 3.0 × 10−9 meters or 3.0 nm, and 150

Megajoules is 150 × 106 Joules or 150 MJ. We’ll talk about Joules,
a measure of energy, soon enough.
• Millions and billions are not so clear cut. The USA and

modern-day England are so-called “short scale” countries where
million=106 , billion=109 , trillion=1012 , and quadrillion=1015 .
• However, some use a “long scale” where the progression is million,

milliard, billion, billiard, trillion. . . See http://en.
wikipedia.org/wiki/Long_and_short_scales.

Converting units
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• To convert units, it’s helpful to write things in a way that the units

cancel out algebraically.
• Also, writing equivalent units in numerator and denominator is the

same as multiplying by 1 (because the “top” is equal to the
“bottom”):

Homework

1000 meters = 1 kilometer

so

1 kilometer
=1
1000 meters

• Consider converting from kilometers to miles using nothing but

these definitions: 1 inch=2.54 centimeters (exactly), 12 inches=1
foot, and 5280 feet=1 mile:
meters 100 centimeters ·
(1 kilometer) · 11000
1 meter
kilometer ·
1 foot
1 mile
· 12 inches · 5280
feet
=

1·103 ·102 ·1·1·1
1·1·2.54·1.2×101 ·5.28×103

miles =

1
2.54·1.2·5.28

2.54

1 inch
centimeters

× 103+2−1−3

= 0.062 × 101 miles = 0.62 miles.
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The binomial approximation
• There is something called the Taylor

or series approximation to functions.
For our purposes, we’ll consider
lowest order Taylor series expansions
which are essentially lines that best
approximate a function about a
specified point.
• This is behind a very useful approximation: the binomial
expansion, which says that (1 + x)n ' 1 + nx when x  1 (where
 means ‘much less than’).
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Consider the case of 5% investment gains over 20 years:
• It means if we start out with one dollar, we increment by 5% or five

per hundred each year (note: cent means a hundredth, as in 100
centimeters=1 meter).
• With the binomial approximation of (1 + x)n ' 1 + nx, a President

can quick guess the result:
(1.05)20 = (1 + 0.05)20 ' 1 + 20 · 0.05 ' 1 + 1 = 2
You’ll double your money in 20 years!
We will use the binomial approximation from time to time; it’s quite
useful for quick estimates, especially in connection with interest rates
and investment income.
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Semi-logarithmic plots
• Let’s continue with compounding interest, or investment returns:

gain = (1 + rate)n years , or g = (1 + r)n .
Take the natural logarithm of both sides:
ln(g) = ln[(1 + r)n ] = n · ln(1 + r).
That is, if we plot the natural log of the gain versus year [or ln(g)
versus n], we will get a plot with a slope equal to ln(1 + r). In other
words,
y

=

m·x

is like ln(g)

=

ln(1 + r) · n.

• Why is this useful? Well, consider any trend that might involve

compounding, or building upon the previous value. Two classic
examples are the consumer price index or CPI, and any stock
market index.

Consumer price index (CPI)
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Data from the Bureau of Labor Statistics:
250
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Hubble constant
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CPI
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Looks like no inflation until about 1975, right?

1980

2000

CPI on a log scale
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Plot the exact same numbers on a log scale (strictly speaking, a
semi-logarithmic scale because only the vertical axis is on a log scale):
200

Age of earth, and
the universe
Hubble constant
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CPI
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Now you get a much more accurate view of the historical trend.

From CPI to Inflation

Exponent and
mantissa
Binomial
approximation
Units of
measurement
Age of earth, and
the universe

The annual rate of inflation is the r in (1 + r). We can estimate it from
the change in the consumer price index, with curve smoothing applied
over a 12 month period:
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Units of measurement
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• Imperial units have odd historical bases: the yard is perhaps based

on the distance between the nose and thumb on the outstretched
arm of Henry I of England, for example.
• The metric system was based on measurements that could be

reproduced everywhere: the meter based on the size of the earth,
the gram based on a cubic centimeter of water, zero Celsius based
on water freezing. . .
• Today we still aim for standards that can be reproduced in any lab,

but the definitions are more complex: a second is the duration of
9 192 631 770 periods of the radiation corresponding to the
transition between two hyperfine levels of the ground state of the
cesium 133 atom.
• The one exception is mass: it’s traced back to a particular cylinder

of platinum in Paris!

Exponent and
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• The Metric Conversion Act of 1975 declared the SI system as “the

preferred system of weights and measures for United States trade
and commerce.”
• However, it does “permit the continued use of traditional systems

of weights and measures in non-business activities.” What units do
you see on TV, or in the newspaper, or in advertisements?
• The other two countries where non-metric units are still in common

use are Libera and Myanmar (although Myanmar is changing).
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Age of the earth and politics I
Senator Marco Rubio (R-Florida; Committee on Commerce, Science,
and Transportation; Subcommittee on Science and Space), GQ interview
Nov. 19, 2012:
GQ: How old do you think the Earth is?
Marco Rubio: I’m not a scientist, man. I can tell you what
recorded history says, I can tell you what the Bible says, but I think
that’s a dispute amongst theologians and I think it has nothing to do
with the gross domestic product or economic growth of the United
States. I think the age of the universe has zero to do with how our
economy is going to grow. I’m not a scientist. I don’t think I’m
qualified to answer a question like that. At the end of the day, I
think there are multiple theories out there on how the universe was
created and I think this is a country where people should have the
opportunity to teach them all. I think parents should be able to
teach their kids what their faith says, what science says. Whether
the Earth was created in 7 days, or 7 actual eras, I’m not sure we’ll
ever be able to answer that. It’s one of the great mysteries.
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Age of the earth and politics II
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Gallup poll, May 3–6, 2012:
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Big numbers: age of the earth?
• James Ussher, Archbishop of Armagh (1581–1656): following the

chronology of a literal reading of the book of Genesis, the earth
was created on the evening preceding October 23, 4004 BCE.
• Based on observed weathering rates of rocks, 19th century
geologists estimated at least hundreds of millions of years.
• Fourier and Kelvin, ca. 1900: estimate
cooling from the melt. 60 million years? Did
not account for radioactive heating in earth’s
core.
• Radioactive decay: use mass spectrometers to

measure ratios 238 U/206 Pb, 235 U/207 Pb,
232
Th/208 Pb to infer the age at which the
radioactive isotopes were formed. We’ll
cover this later on. . .
• Clair Patterson, CalTech: by measuring these

ratios in meteorites, one can infer the age of
our solar system: 4.5 billion years. Oldest
terrestrial rocks are ∼ 3.5 billion years old.

Clair Cameron
Patterson, 1922-1995
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Senator Marco Rubio (R-Florida), Politico Interview, Dec. 5, 2012:
• “There is no scientific debate on the age of the Earth. It’s

established pretty definitively; it’s at least 4.5 billion years old.”
• “Now for me, actually, when it comes to the age of the earth, there

is no conflict. I believe that in the beginning God created the
heavens and the earth. And I think that scientific advances have
given us insight into when he did it and how he did it, but I still
believe God did it.”
• “I wish I would have given a better answer, a more succinct answer,

but we went from talking about hip hop and then it got pivoted to
the Earth. I’m not a robot; I got caught off guard, I guess.”
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Hubble constant
• Einstein’s special relativity gives us a Doppler shift to the

wavelength we observe for light from an object moving at high
velocity relative to us.
• Let’s assume that hydrogen atoms on other stars are like hydrogen

atoms on earth, and look for a distinctive wavelength from
hydrogen.
• If we think the star is like our sun, we can estimate the distance by

comparing the light we receive relative to what we get from the sun.
• We then have a way of estimating Doppler redshifts versus star

distance. Edwin Hubble in 1929, summarizing his estimates:
The results establish a roughly linear relation between
velocities and distances among nebulae for which
velocities have been previously published, and the
relation appears to dominate the distribution of
velocities.
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Hubble’s figure
Hubble’s original paper is here. Assuming v = H0 x, Hubble estimated
H0 ' 500 km/sec per megaparsec.
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Note: 1 parsec=distance to an object which has a parallax of one arc
second as viewed from Earth six months apart=3.261 light
years=3.086 × 1016 meters.
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• Hubble’s value of H0 ' 500 km/sec/MPc was way off from modern

estimates of about 72 km/sec/MPc. One paper that discusses the
history of H0 estimates is here.
• What does it mean? Since v = ∆x/∆t and v = H0 x, we should

think of 1/H0 as a time, in which case 70 km/sec/Mpc works out to
14 billion years.
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Hubble constant: improving
estimates
Here’s the plot of how the measurements have been refined over time;
this is from the same paper as before:
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Is Hubble’s constant constant?
• Has the expansion rate of the universe

been constant over time?
• Strategy: use Type Ia supernovæ as

“standard candles” since their total
radiation power should reach a fairly
well defined peak.

Homework

• From measuring the amount of light

we observe from such a “standard
candle” we can calculate its distance.
• Problem: in a typical galaxy (∼ 1011

stars) there may only be two or three
type Ia supernovae in a thousand
years!
• Supernovae that could be seen by the

naked eye or even by binoculars: the
most recent was in 1987, and the next
most recent was 400 years before!
• How can we get many data points?

Supernova SN1987a,
after
and
(from
archived
telescope
images) before. At
the time, it was
thought rather silly
and optimistic to
label the first (and of
course only) supernova of the year with
“a”. . .

Hunting for supernovae
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• Take lots of pictures of

dark regions in the sky,
and save them.
• Take pictures of the

same regions a week or
two later. Use a
computer to hunt for
differences.
• Now in a few years you

can get data on ∼ 100
supernovae!
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Is Hubble’s constant constant?
See article by Saul Perlmuter, Physics Today, April 2003, p. 53 (you can
get it here).
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The 2011 Nobel Prize in Physics was awarded to Perlmutter, Brian
Schmidt, and Adam Reiss for similar discoveries from two competing
teams.
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So let’s consider a few points on a timeline measured as billions of years
ago (BYa, or 109 years ago). Homework: scale that timeline to a day.

Hubble constant
Homework

Event
Big bang and origin of the universe
Formation of Earth
Oxygen-producing bacteria appear
First land-based vertebrates
Written human history
Start of the oil age
80 years of lifespan

BYa
12.4
4.5
3.6
0.33
0.000 005
0.000 000 160
0.000 000 080

Scaled to 1 day
1 day
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Your homework, which is due by 6 pm on Wednesday, January 9:
1. Regarding our Feb. 19 field trip (3:00-8:00 pm), send me an email
with your full legal name, your country of citizenship, and
confirmation that you are 18 years or older as of Feb. 19, 2013.
2. Write a one-page briefing document: “Madam President, I wish to
bring before you what I feel are the five most pressing
physics-related challenge facing {our company k our country} . . .”
Submit through Blackboard/SafeAssign.
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Hand this in at the start of class on Tuesday, Jan. 15. Show your work;
this can be a piece of scratch paper stapled to the assignment, or you can
email me a spreadsheet file, or. . .
3. Find out the gross national product of the USA, and total federal
spending. Estimate both federal spending and federal debt as a
fraction of gross national product (GNP).
4. Print out the slide “Considering big numbers” (two slides previous)
and fill in the final column.

