Chemistry 444

Elementary Statistical Mechanics! (in the age of
COVID-19)

Fall 2020

Northwestern University

Instructor: Todd Gingrich

Office: The Internet and possibly Ryan 4018

Office Hours: TBD, Zoom Link & 7%w-s. a//@u\aq
Telephone: 510-457-8600

Email: todd.gingrich@northwestern.edu

Lecture: Zoom Link
Time: TuTh 9:38-11am CST 9. jp

Midterm Exam: Thursday, November 5.

Please consult the course syllabus for course objective and policies.

The course website (this site) will be used to post lecture notes, special notes, homework assignments,
and homework solutions.

Lecture notes:

e Thursday, September 17, 2020: Introduction to the course, dynamics in chemistry, chaos, and
ergodicity hypothesis.

Homework assignments will normally be made available on this website by Thursday of each week,
and will be due on Friday of the following week at S pm. Late work will only be accepted if
arrangements are made in advance or if there are particularly exceptional circumstances.




e Problem Set 0, due Never! [PlottingDemo.ipynb]
® Problem Set 1, due Friday, September 27 at 5 pm. [BiasedCoinFlips.ipynb]
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Welcome to Chemistry 444 - Elementary Statistical Mechanics!

Instructor: Prof. Todd Gingrich, Ryan 4018, todd.gingrich@northwestern.edu
Lecture: Tuesday/Thursday, 986~ 11:00 am CST, Zoom link ?.' ya
Office Hours: TBD, Zoom link

Course Websites: I will maintain three separate websites for the course:

1. The canvas site is the official course website and will be the portal for submitting assignments.

2. That canvas site has extra bells and whistles, so I will also post the essentials (notes and
assignments) to this site: http://gingrich.chem.northwestern.edu/teaching/444/2020.

3. To support conversation and interaction, you are encouraged to join the course Slack workspace.

Textbook: We will not follow any one textbook. Rather the course will be centered around a set
of lecture notes and problem sets. A Slack channel will provide recommended readings from books
and websites.

Notes: I will post my lecture notes on the course websites after each class.

I. Rationale: This graduate-level course develops a quantitative framework for characterizing
equilibrium states of chemical, physical, and biological systems. The emphasis throughout will
be on connecting behavior at macroscopic length scales, where most observations take place, and
microscopic length scales, where material properties originate. Specifically, the course will cover
analytical and computational methods from probability theory to derive macroscopic properties
from relatively simple microscopic models. In doing so, we will clarify conceptual connections
between entropy, free energy, work, heat, and phase transitions while developing the framework for
computational methods that are employed in a research setting.

II. Course Aims and Objectives

Aims: To use statistical mechanics to predict the typical value of macroscopic order parameters at
thermal equilibrium, the magnitude of fluctuations away from this typical value, and the expected
response to perturbations.

Specific Learning Objectives: By the end of this course, students should have acquired the
ability to:

1. Explain the importance and ubiquity of the Boltzmann distribution.

2. Demonstrate how the thermodynamics of ideal systems relates to decorrelated fluctuations.

3. Compute partition functions for non-interacting systems and thereby derive thermodynamic
properties.

4. Rationalize the existence of phase transitions using mean field theory.

5. Describe one or more strategies for extracting free energies from computer simulations.

ITI. Format and Procedures: The course will consist of two recorded Zoom lectures per week,
each one about eighty minutes long. All of the lecture notes will be posted online immediately
following lecture. Students are encouraged to not only attend but to be active participants in the
lectures.

Problem solving is a critical component of the course. These skills will be developed through weekly
problem sets, which will mix analytical calculations with some numerical computations. Students
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are strongly advised to seek assistance during office hours, which should be considered a co-equal
part of the course.

My Assumptions:

My assumption is that students in this course have had exposure to elementary ideas of statistical
thermodynamics including study of entropy, the Boltzmann distribution, free energy, work, heat,
and phase transitions. I assume, however, that most students have not had the opportunity to
explore derivations of these topics nor applications to complex systems. Because we will not shy
away from mathematics, I expect that some students will want to refresh their understanding of
multivariable calculus and probability.

In some cases our study will be aided by computations and simulations that will require modest
amounts of programming and plotting. I assume the students have a wide diversity of comfort
levels with computational skills, so I will provide assistance in the Python language using Google
Colab.

Course Requirements:

1. Class attendance and participation: There is no required attendance policy for lectures or
for office hours. You are, however, strongly encouraged to attend and participate actively.

2. Problem Sets: I will assign weekly problem sets every Thursday, due at 5 pm Friday of the
following week (unless otherwise stated). These problems are an integral part of the course.

3. Final Project: In lieu of a final exam, each student will complete a final project. Bader Tin
consultation with Todd, each student will select a topic of interest and develop a series of problem
set questions around that topic. The expectation is that students will first need to learn the topic
then identify illustrative example problems, computations, or simulations around which they will
base their problem set (and accompanying solutions!). The topic for the final project must be
approved by Thursday, November 12. More details about the project will be shared later in the
course.

V. Grading Procedures: Grades will be based on:
e Homeworks: 30% MO TPY; Se .-

e Midterm: 35%
e Final Project: 35%

Academic Integrity

Each student in this course is expected to abide by the Northwestern University Code of Academic
Integrity. Any work submitted by a student in this course for academic credit will be the student’s
own work.

This is a graduate course. The primary purpose is to empower you, not to judge you with grades. 1
am attempting to create assignments that will improve your understanding. This is best achieved by
collaborating early and often, with your classmates and with me (COME TO OFFICE HOURS!).
Figure out how to solve the problems with others. Write the solutions/code for yourself to confirm
that you actually get it. Should copying occur, both the student who copied work from another
student and the student who gave material to be copied will both automatically receive a zero for
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the assignment. Penalty for violation of this Code can also be extended to include failure of the
course and University disciplinary action.

VII. Accommodations for student with disabilities In compliance with the Northwestern
University policy and equal access laws, I am available to discuss appropriate academic accommo-
dations that may be required for students with disabilities. Requests for academic accommoda-
tions are to be made during the first three weeks of the quarter, except for unusual circumstances.
Students are encouraged to work with Accessible NU to verify their eligibility for appropriate
accommodations.

VIII. Course Outline (subject to change):
1. Basic principles of statistical mechanics
(a) Dynamics in chemistry
(b) Counting microstates in the thermodynamic limit
(¢) The Boltzmann distribution
(d) Spontaneity, constraints, and the ideal gas law
2. Connecting statistical mechanics to thermodynamics
(a) Entropy and the second law
(b) Conditions for macroscopic equilibrium: temperature, pressure, chemical potential
(c¢) Reversible and irreversible work
(d) Helmholtz free energy and the connection to partition functions
(e) Nonequilibrium work relations
(f) Ensembles, generating functions, and Legendre transforms
3. The importance of interactions
(a) Cross-overs and phase transitions
(b) The Ising model and universality
(¢c) Mean field theory
(d) Phase equilibria, phase diagrams, and Maxwell constructions
4. Making use of computers

(a) Markov Chain Monte Carlo

(b) Molecular dynamics

Fall 2020 3



1

actire

/V]/ﬂer*oswf;c dynw{tg eﬁA;‘L);% /avge/ 7[4407['4&290*75




A 4)13 3[&‘»6 O'F Wo-fa"

Bor?nﬂ < P\adi




Remar/‘{%% ) The Hudcmﬁwzs of e spelI
d7n9-¢w\0 srzzfiﬁx deteanine e wa,d, e {;‘a’

hw(nﬂ syskeam responals B choage |
([ = < [E-<E >)% >
EoT

H@ﬁt’ c”‘f“//'r"(a» F fue Auetions

- n Erer
How |/IN“0L s (5'{'!7 fﬂ’
biﬁ&t %{%W) g‘hﬁj&:‘i S
M c

TL&PMod;,nA,w‘//s

But we're aC';H'Vj W«a shesd of Ourseiwes(.
The Pv‘m’( for now:



Ul hmd'd “ﬂﬂ”/ £ ctoatms come oot because
‘ﬂte/da ?04«& %M&S o€ Gw_u‘a/w Mmove

How should we modeL tust pbon S
R Il Mad&ls are wfonﬁ. Some models are useful N

wu's"/%’ d@PWS o w[nﬂf’ 7&7«!‘ ANl
ﬂ.:\p( on ‘fZ\z Scela ﬂ\L 79&/\
f‘\oPQ ’/7 l/c’l%éf S{Z(wt

W hbf \S 0"‘“‘%"\% Hw do we [lﬂdot’e I:l'ow does dn element
in fime the stabe spce? |V %jﬁf;l’“e'

ng{_ﬁjw vy (Bl = ulvew)
Miked Qushenn

oy P Z\[mln)(nl %%"% [H,,o]




Gl Thee (3,0) | %:-3p13

S Distr (rlaﬁ{’) m /)

W EWu‘rina the l\k@\'\how‘.: tti(]

finding o a[assiu.Lerl—eM W

Los‘nﬁ%«; P o4d moverta. P-

oH
T

Phace Space "

T

%%

Haai Hoa's Eabmbim‘s-}
cy won of wrking
[A [\-F)Z\w‘zb/\\:%ﬂaaﬂs.

i
A Poi«k in Cluési&«e Z 3, f}) 3

22 .

ot

= Tlp)+V(3)
e If} (g&m’d&
Mekic Erere

£ Huese csces, we ace tulle,
E‘mﬁ( fm‘é(fsea(ﬂm and. isi/c.ka( eysw:ﬁ .

Heati [ toniza

P‘Aysns teaches us fhut {’(/Le_ stades |V pg /P>
eydve oleterminist il an e/\e,{ﬁta_

eﬂﬁwJL 1 ks PRI/ V. .



D wr SJ@"*‘V‘G ot -

In oa \soleded syckean (Lixed NV, E))
OJL Wcms\?&ﬂs ofe M ‘P(DWH&.

“menstate ¢ ) C‘lw\uta Plb'oaue,w 2

Sweckies all mewsopic deteils =V
EX es*

C(&SSfCG\( war(i k

% = '/\ N
r: Pos{f)aa of abm (
?‘ : momentum of ahal
?1,: PoSa"Han of ahmZ

-

Pt momentiuna of a7

> = > - ‘
[r,,> G2~ lr”)?N) & Tha micodste

Y

A\l

N
X



QMM,M MM?L& MOK‘ZO(‘-

Qmmfww H'“Mﬂﬁ— Bscillobn

/ e&z\a (Ko site

lo? & 25 81> o .-

anft\ Srte
ot (99)
UUW “‘7‘ pmloalole,w ?
Dynmw ts Oedefndes a stedisticedl distribbion
rdegendedt of deteiiled 9

Cjws& censibtive {p ﬂ\o‘ﬂﬂ‘i wngz\—m,.nfs NV 6)
Erjoi\o ‘typoﬂ/tes(s
@ Ts this (\eﬁﬂj trne ¢ \

(2 Wwy?



@ TL\IS shoul& <ee M Sw‘q}ﬂsulj
E;s,' d:\t«\“e. Q’DIM-H'/\

PERES f
solnles >
P(v) = P(v.)
Ex: coin \Clips
ﬁTﬁTTHTTHH HHOARHHH AL EH
P(v) P(v )

RCSO‘Mt‘Oﬁ E%\AAL P/Dbhbll(‘\g o’€ M(c'/DS*z»\'QS

does not mpl an
leoa'ﬂd H’y 7""%WS*Z



Ex:

TTTH
TTHT
R
KTTT

TTTT—

¢ H

Toteld 4 of Heeds

Undoeam distribudion of aeastrles
@ Nonuniboe m dustibubon ovea

Macstates |

@ W\’\‘] ¢ C haos .

& 7€
¥ TL

N

§p)

C——



”;Aje,c)@des whidy skt Very ¢ lose togeller

lose. memor am’Le,/\o(up v (ar Apmi’
Th £k e div&jencé, \S 8:;3\@/\{" a time,

T you o le fhen wat a while
epace o geample wat a
o Z’leﬂﬁgfé it e ssa;-(em Wil have

e,é(eﬁc(\l% (-’-MTW Where (& stauted
(thofn + Rill ot forgck Mre consteats of moting)

We model sur notance by Tha OLSSwupH)
tet oLl ACCeQSQol& @né;ﬂ%us one_ )

eéz)uolﬂﬂ Qélzeua.
MW%, ot Fixed NV E :

/
P(r)= ) STwve oif Men VmVEE

D | otherwise



2 P(3) = L (Dist mast be nawatiyed)

z
2. POv) = \%‘ SL(,V,E)

vV witly

(V,V,E) (V,V,E)
l _
T oW (\%@)M’) =1

2 2 (1) = S2L(,V,E)

(NVE) H

Nmmbef O‘G 55\ c m\cﬂshi?es
%hé@/ma m Constrants

(N, V,E)



..0. “. .... N
o0 o coe® | O
* |* oo (0| 0e [° »7~4(CC/

S [ 2=e"

Inlo G}(po ne/v(f‘%—a/>

Now A &}{m{'& 3&5...

Volume, v fﬁr cell

Each cell s ’ij enOuJL\
thd & s vncorrelted ‘Frbtvx
twe othhers.



. N wokprrbides
DEnsrfﬂ = ‘V" ¢ Tl wolume

Sl s V/
4 of indegndoat Colls el

o)

Each cd| (subsysi'em) has some L\WJL B of
pssitle Microstales

) ) ) - y oo
/ 4 ‘ ¢ eoc
Lefs Call thel mamtpr i3 (T5ist Saetént

in the gas.

Becamse The cells are \/\ACPZM/
Q=R ) Ké&L” = ({\/—/—),so
WN/7)

—

1L\ Py,
ﬂi% :((;J ) = W
()

-

Rensane (,«)Z(:J



Therehee QLN V,E) = 6/1/0"‘“

(ﬁ 6rows e,;(por\(,n{“ml [«a, W}f(,\;\fgk/m Si%e)



