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Computational Problems for Physics Courses

Motivation & Examples

Rubin H Landau

http://physics.oregonstate.edu/” landaur/
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Computational Problems for Physics Courses

Motivation & Examples

Rubin H Landau

http://physics.oregonstate.edu/” landaur/
CP Author, Founder CP Degree Program

Computational subatomic few-body systems (1966-2003)
CP Education (1988-)

Grad School: How creative? Plenty smarts; Exact Compute

DCOMP Boston, March 2019

-
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Premise: Physics Ed: Take Computation Seriously

Why? Computation = Big Part of Physics & Much Else

Field of Employment for Physics Bachelor’s in the Private
Sector, Classes of 2009 & 2010 Combined

Engineering
32%

Other STEM
16%

Physics or Astronomy
5%

STEM refers to natural Science, T . Engineering, and
http://www.aip.org/statistics
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Premise: Physics Ed: Take Computation Seriously

Why? Computation = Big Part of Physics & Much Else

Field of Employment for Physics Bachelor’s in the Private
Sector, Classes of 2009 & 2010 Combined

@ Nat Sci Bd: remain in field
] e 22% physics BS
e 52% PhD

Other STEM
16%

Physics or Astronomy
5%

STEM refers to natural Science, T y, Engineering, and
http://www.aip.org/statistics
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Premise: Physics Ed: Take Computation Seriously

Why? Computation = Big Part of Physics & Much Else

Field of Employment for Physics Bachelor’s in the Private
Sector, Classes of 2009 & 2010 Combined

@ Nat Sci Bd: remain in field
] e 22% physics BS

e 52% PhD

Other STEM @ Do something new (R&D)

@ Increased realism,
complexity, precision

Physics or Astronomy
5%

STEM refers to natural Science, T y, Engineering, and
http://www.aip.org/statistics
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Premise: Physics Ed: Take Computation Seriously

Why? Computation = Big Part of Physics & Much Else

Field of Employment for Physics Bachelor’s in the Private
Sector, Classes of 2009 & 2010 Combined

@ Nat Sci Bd: remain in field
] e 22% physics BS

e 52% PhD

Other STEM @ Do something new (R&D)

@ Increased realism,
complexity, precision

Physics or Astronomy
5%

STEM refers to natural Science, T . Engineering, and
http://www.aip.org/statistics

Data = Undergrad overemphasize Physics
— weaker preparation: career, fufillment
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How: Computation too important to leave to CS

Problem : Theory : Method : Implementation
. Model | ;

science : discrete : numeric | Java, 80, C
‘continuous: symbolic :

Assessment

visualization
exploration
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How: Computation too important to leave to CS

@ “We are teaching the same SR .
things we taught 50 years Problem Mggg ; Method ;Implementation
ago” science | discrete | numeric | Java, f90, C

‘continuous; symbolic :
APS/AAPT Taskforce on Grad
Ed., R Diehl, 2004

Assessment

visualization
exploration

@ OKthat’s physics
(APS/AAPT Taskforce)
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How: Computation too important to leave to CS

@ “We are teaching the same

p . Theory :
th/ngs we taught 50 years Problem Modg Method ;Implementation
ago" science ' discrete : numeric | Java, f90,C
‘continuous; symbolic :

APS/AAPT Taskforce on Grad
Ed., R Diehl, 2004

Assessment

visualization
exploration

@ OKthat’s physics
(APS/AAPT Taskforce)

@ Do take math, then Math
Mtds of Physics =

@ Teach Computation within
physics
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How: Computation too important to leave to CS

@ “We are teaching the same
things we taught 50 years
ago”

APS/AAPT Taskforce on Grad
Ed., R Diehl, 2004

@ OKthat’s physics
(APS/AAPT Taskforce)

@ Do take math, then Math
Mtds of Physics =

@ Teach Computation within
physics

@ Use research-like
examples

Problem : Theory : Method : Implementation
. Model | ;

science | discrete : numeric
‘continuous: symbolic :

Java, f90, C

Assessment

visualization
exploration

@ Teach: PH + CS + Math in
problem-solving context
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How: Computation too important to leave to CS

@ “We are teaching the same
things we taught 50 years
ago”

APS/AAPT Taskforce on Grad
Ed., R Diehl, 2004

@ OKthat’s physics
(APS/AAPT Taskforce)

@ Do take math, then Math
Mtds of Physics =

@ Teach Computation within
physics

@ Use research-like
examples

Problem : Theory
. Model | 3
science | discrete : numeric
‘continuous: symbolic :

i Method : Implementation
Java, 190, C

Assessment

visualization
exploration

@ Teach: PH + CS + Math in
problem-solving context

@ Using C when teach P #
CP

@ “OK for pedagogy” # life
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Computational Physics Education has Progressed

Computational

NUMERICAL Physics
RECIPES in otk
n

(omputational
Physics

For
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Computational Physics Education has Progressed

Computational
Physics

P sciving win Pyhen

NUMERICAL
RECIPES in

(omputational
Physics

@ 1980s: CP Texts, now plenty good ones
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Computational Physics Education has Progressed

Computational

NUMERICAL Physics
RECIPES i

o Ptiemsng i pyvon
Fortran 77 =

@ 1980s: CP Texts, now plenty good ones

@ = 1990s: CP Courses, Computational X programs, ...
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Computational Physics Education has Progressed

Computational

NUMERICAL Physics
RECIPES in
Fort &l

P sciving win Pyhen

1980s: CP Texts, now plenty good ones

= 1990s: CP Courses, Computational X programs, ...

No need repeat past developments (PICCUP)

Need integrate computation into physics courses

CRC Press Series in CP; S Gottieb, R Landau, Eds
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Computational Competencies by Comp Physicists

~ AAPT Statement @, 1,1, c, 2011
~ HPC University (Ohio State) Computational Competencies
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Computational Competencies by Comp Physicists

~ AAPT Statement @, 1,1, c, 2011
~ HPC University (Ohio State) Computational Competencies

Tools All Physicists Should Know

Basic Numeric Tools

ODEs Solutions = rk4
Planets, 3-B Orbits

CM & QM Chaotic Scattering
Tools for Analysis

Integration =- Guassian
Differentiation
Floating Point Math [Errors]

Search Techniques Data fitting

Linear Algebra [Libes] Visualize functions & data
Languages, Environments
Program compiled (2) (# CS) Fourier, DFT, FFT

Symbolic Wavelets*,Principal

Operating sys (2) Components*

Document prep (IATEX)
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Computational Competencies by Phys Educators

AAPT Undergraduate Curriculum Task Force, 2016
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Computational Competencies by Phys Educators

AAPT Undergraduate Curriculum Task Force, 2016

@ Computation ubiquitous in
physics

@ Deeper understanding of physics
via fundamental laws

@ Spreadsheets: “see exactly
what's happening”

@ Mathematical computing
packages: get computing over
with quickly, don’t emphasize
computing
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Computational Competencies by Phys Educators

AAPT Undergraduate Curriculum Task Force, 2016

@ Computation ubiquitous in °

; Programming language:
physics

worthwhile “in the long term”
@ Deeper understanding of physics °

s Special-purpose software best
via fundamental laws

choice for classrooms, not
@ Spreadsheets: “see exactly empowering

what's happening” @ Process data

@ Mathematical computing
packages: get computing over
with quickly, don’t emphasize @ Prepare documents and
computing presentations

Represent data visually
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Computational Competencies by Phys Educators

AAPT Undergraduate Curriculum Task Force, 2016

@ Computation ubiquitous in °

; Programming language:
physics

worthwhile “in the long term”
@ Deeper understanding of physics °

s Special-purpose software best
via fundamental laws

choice for classrooms, not

@ Spreadsheets: “see exactly empowering
what's happening” @ Process data

@ Mathematical computing @ Represent data visually
packages: get computing over
with quickly, don’t emphasize @ Prepare documents and
computing presentations

AAPT 2016 = Don’t take computation too seriously!
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Computational Problems for Physics Courses

2018 Book, collected problems, Projects & Demos [shameless commerce]

Chapters; Some borrowed, some new, all long overdue

o
m ional .
Computational Problems go .putato a @ Quantum Mechanics
for Physics ailies
With Guided Solutions Using Python o Thermo, Stat PhyS
@ Data
Analytics @ Bio Models:
) Population Dynamics
@ Classical, Plant Growth
Nonlinear
Dynamics @ More Entry-Level
: Problems
Mmoot P @ Waves,
® Fluids @ Python Codes
@ E&M
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Problems to Include in Physics Courses  (will demo)

Applications
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Problems to Include in Physics Courses  (will demo)

Applications

Explore Nonlinear Dynamics

o

@ Bifurcations, phase space (CM)

@ Double & Chaotic Pendula (CM)
@ Fractals, Stat Growth (StatMech)
@ Integral Equations (QM, CM)
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Problems to Include in Physics Courses  (will demo)

Applications

Explore Nonlinear Dynamics

Bifurcations, phase space (CM)

Double & Chaotic Pendula (CM)
Fractals, Stat Growth (StatMech)
Integral Equations (QM, CM)

Monte Carlo, Stochastic

Spontaneous Decay (QM)
Random Walk (Thermo)
Thermal Simulations (StatMech)
Molecular Dynamics (% MC)

Feynman Path Integrals (QM)
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Problems to Include in Physics Courses  (will demo)

Applications

Explore Nonlinear Dynamics

Bifurcations, phase space (CM)
Double & Chaotic Pendula (CM)

@ PDEs (relax, t step, split t)
o
Fractals, Stat Growth (StatMech) @ Heat [x-t diffusion] (Thermo)
()
o

Laplace/Possion (EM)
Integral Equations (QM, CM) Realistic Strings [waves] (CM)

Monte Carlo, Stochastic Quantum Wave Packets (QM)

Spontaneous Decay (QM)
Random Walk (Thermo)
Thermal Simulations (StatMech)
Molecular Dynamics (% MC)

Feynman Path Integrals (QM)
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Problems to Include in Physics Courses  (will demo)

Applications

Explore Nonlinear Dynamics

Bifurcations, phase space (CM)

Double & Chaotic Pendula (CM)
Fractals, Stat Growth (StatMech)
Integral Equations (QM, CM)

PDEs (relax, t step, split t)

Laplace/Possion (EM)
Heat [x-t diffusion] (Thermo)
Realistic Strings [waves] (CM)

Monte Carlo, Stochastic Quantum Wave Packets (QM)

Spontaneous Decay (QM)
Random Walk (Thermo)
Thermal Simulations (StatMech)

Fluid Dynamics

Fluid Flow (> freshman)
Shock Waves (CM)
Solitons (CM)

Molecular Dynamics (% MC)

Feynman Path Integrals (QM)
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Monte-Carlo Random Walks wai3spvis.py =

‘ 7 Random Walks

Distance vs Steps

>
teoretieal —__

a00.0 2 NM

aymndom 4

200.0 £

100.0 Brandom

0
Y 200 00 200 200 oo 1008 2008 080 A

@ Axj=1;, Ayi=1;
@ Good to “see” a walk
@ Stochastic processes & math: very interesting, Ryms x v'N

@ Random, probability, experimental statistics < taught
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Monte-Carlo Decay Simulation pecaySoundVisMod.py ==

Analytic = e~!/7 ~ Simulation (discrete): Closer Nature

P w — _x (Law of Nature) (1)

Ag’gt) = —AN(t) (Real Physics) @)

# %ﬁt) = %(O)e’” (Approximate Physics) (3)

One line algorithm: ifr, < X\, AN=AN+1 J

h.A
e
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Classical Chaotic Scattering, 3-Body Problems

@ Just Coupled ODEs

F = ma

F=-V (x2y2e‘xz‘y2)

@ Chaotic Scattering

@ 3 Body Applet
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./Chaos_scatt_attract.mp4
../../../Books/CPbook/eBook/Applets/3Body/ThreeBody.html
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Classical & Quantum Chaos
(U A
@ Billiards in enclosed figure can be chaotic (BC)

@ Quantum Chaos hard to “see”
@ Look for signature of classical chaos in QM

0..2 !\ ‘“ Psi
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Linear Algebra Packages, HS Problem = HPC

NewtonNDanimate.py == <Ex: 3 masses>

o T, 9,':?

. . @ Newton-Raphson search
@ 9 nonlinear equations

@ Use matrix libes
Licos@i + Locosbo + Lycosfs = L,

L1 sin91 +Lgsin02—L35in93 ZO, T1 Sin€1 - T25in02_ VV1 :0

Ticosfy — Tocosb =0
Tosin0s + T3sin03 —Wo =0
Tocosf> — T3cosfz3 =0

sin® 01 + cos® 04 = 1
sin® 05 + cos® 0 = 1

.2 2
sin® 03 + cos” 03 = 1
33/40
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Why? 3CP Skills Book MC Scatt Billard HPC Waves CFD MD EM Conc
00 o oo oo oo o o o ®0 fole} o o o

Realistic Waves: Catenary + Friction  EgstringAnimate.py ==

PDE with Time Stepping

000 O0O0OO

Py 2k dy D2y . 37
2 — _
c re o = (with Friction) (1)

oT(x) 9y(x,
ox ox

WD | gy )82 (X H _ p(X)aQ}(;(:;’ D (variable p& T) (2)
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../../../Books/CPbook/Codes/PythonCodes/EqStringAnimate.py
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Why? 3CP Skills Book MC Scatt
Time-Dependent Schrédinger Egn

Wavepacket — Wavepacket Interactions

OPp(x, ) 1 8PY(x.t) .

= = Tom ox? + V(X)u(x,t) (1 particle)

000, %, ) _ 1 PYa e t) 1 Py, xet)
ot T 2my ox2 2m; ox2

+ V(x1, %)¥(x1, X2, t) (2 particles)

m-10m, Attractive Vsquare
KE =-VI2

@ Often ignored in QM ! m fj\ A

@ 1 packet, 2 Slits P A w JL = A

72

@ Packet(x1)- S
Packet(x2) ]\ M M
AV A AL ﬂ
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../../../Books/CPbook/eBook/movies/2slits.mpg
../../../Books/CPbook/eBook/movies/PacketPackerSymmetrymov.mpg
../../../Books/CPbook/eBook/movies/PacketPackerSymmetrymov.mpg
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Shock Wave Physics

Singularity =- Better Algorithm (Lax)

Singular Nature?

Op(x,1) | Op(x,1) _

ot ox
Op(x, 1) ap(x,t) _
ot +ep(x,t) X 0

(Advection/Continuity) (1)

(Burgers’ Eqn = Shock) 2)
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../../../Books/CPbook/eBook/movies/Jshock.mp4
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(ShOCk Waves) Dispersion, Solitons  soiitonAnimateVis.py

[e]

KdeV Equation:Dispersion Balances Shock

7000
///”/”/5’%/// /
W )

y ’//’
///////////fff/f//’/////’// T

, /////////////
WY 111, ///
’////////////////%’/”’

i

e

W
i ‘\\\\\\\\‘\“\
i N\
\\\:\ii\&\\m

X 0 X

dp(x,t) ap(x,t) , .

T + ep(x,t) “ox = 0 Burgers’ Equation (1)
dp(x,t) Ip Pp(x,t) . .
—1  T€ p(x,t) ox F ol = 0  Shock + Dispersion  (2)
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../../../Books/CPbook/Codes/PythonCodes/SolitonAnimate.py
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Molecular Dynamics

mm MD1D.py =2 MD2D.py ==

Straightforward, Obvious, Ridiculously Effective

- |e ole ©e ©
Q0 06 | @
0® @? 0®
® 60 @o O
Q® 0® | @
1 e%]87 e®|
© 00 0o O
Q0 06 | @6
e e | | @ > Chem 101: walls = PV = nRT
o 1 @ Just Foy = ma;; 108 times
Lennard—Jones“
“© Rkte @ Deterministic # statistics (kT)
0 : |
L ~ a’l’tra‘ction ) J
0.8 1 1.2 r14 16 1.8 2
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../../../Books/CPbook/Codes/PythonCodes/MD1D.py
../../../Books/CPbook/Codes/PythonCodes/MD2DVis.py
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Maxwell: Finite Difference Time Domain FDTD.py ==
Split Space-Time Steps Problem: waveguide
E)l((,n-1/2 _ E;:,nq/z 48 <H}I/(—1/2,n . H}!/(+1/24n) ()
H};/<+1/2A,n+1 _ H}l/(+1/2,n+ﬂ <E)l((,n+1/2 - E)f:-mﬂ/z) )
N p4
NS
X o o 0 0
n o o o o
E, H, . 5 o o
]\ > n+1 o ° ° Gy
/ N\ |/ c e e
y ”y \EX/' t . . . o
@ Coupled Ex, H, drive other
@ Easy: even Excell
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../../../Books/CPbook/Codes/PythonCodes/FDTD.py
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Take Home Lessons: Rejuvenate Physics Ed

Computations Part of Real-World Physics

@ Include Research-like & Computation
problems

Computational Problems
for Physics

@ Within physics course Wik Guided Sl L Py
@ Computation Problems Book may help

@ Agree: faulty math = bad science?

@ So uncertain computation = bad physics?

@ Computation too important to leave to CS
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