Introductory Physics: Calculus-Based Name:

Homework 03_07: Quantum Mechanics: Homeworks are due as posted on the course web site. Multiple-
choice questions will NOT be marked, but some of them will appear on exams. One or more full-answer
questions may be marked as time allows for the grader. Hand-in the full-answer questions on other sheets of
paper: i.e., not crammed onto the downloaded question sheets. Make the full-answer solutions sufficiently
detailed that the grader can follow your reasoning, but you do NOT be verbose. Solutions will be posted
eventually after the due date. The solutions are intended to be (but not necessarily are) super-perfect and
often go beyond a fully correct answer.

Multiple Choice Questions:

1. “Let’s play Jeopardy! For $100, the answer is: The equation/equations that governs the time evolution
of quantum mechanical systems in the non-relativistic limit.”

What is/are , Alex?
a) Newton’s 2nd law, Fhey = mad b) Maxwell’s equations c¢) Einstein’s field equations of
general relativity d) Dirac equation e) Schrodinger’s equation

Full Answer Problems:



Equation Sheet for Introductory Physics Calculus-Based

This equation sheet is intended for students writing tests or reviewing material. Therefore it is neither
There are fewer symbols than variables, and so some

intended to be complete nor completely explicit.
symbols must be used for different things: context must distinguish.
The equations are mnemonic. Students are expected to understand how to interpret and use them.

1 Constants

c=2.997 924 58 x 108 m/s ~ 2.998 x 103 m/s ~ 3 x 10°m/s ~ 11yr/yr ~ 1 ft/ns
exact by definition

e=1.602176 634 x 107 C  exact by definition

G = 6.674 30(15) x 107" Nm?/kg®  (circa 2025)

g =9.8m/s? fiducial value

= 8.987 551 785 972(14) x 10 ~ 8.99 x 10? ~ 10'° Nm?/C?

- 471'50
EBoltzmann = 1.380 649 x 1072 J/K = 0.8617 333 262 x 10~*eV /K

~107%eV/K exact by definition in both forms
me = 9.109 383 7139(28) x 1073 kg = 0.510 998 950 69(16) MeV
m, = 1.672 621 923 95(52) x 102" kg = 938.272 089 32(29) MeV
g0 = 8.854 187 8188(14) x 1072 C?*/(Nm?) ~ 10~ C?/(Nm?)
o = [1.256 637 061 27(20)] x 107 °N/A? ~ 47 x 107" N/A?

vacuum permittivity

vacuum permeability

2 Geometrical Formulae

Ceir = 271 Agiy = 712 Agph = dgr? Viph = gﬂ'r?’

Qgphere = 47 dQ = sinfdf do

3 Trigonometry Formulae

in 6
E:cost9 g:sint? g:tan@:sm cos? 0 +sin?0 =1
r x cos
1 1
cscl = — sect = cotf =
° sin @ cos 6 tan 6
in 0 in 6 in6
¢ =a’+b’ ¢ = /a2 + b2 — 2abcos, St “:Slrzbzsm <
a c

f(0) = f(0+360°)

sin(6 + 180°) = — sin(0) cos(f + 180°) = — cos() tan(f + 180°) = tan(0)



sin(—0) = —sin(6) cos(—0) = cos(0) tan(—0) = — tan(6)

sin(6 4 90°) = cos(h) cos(f 4+ 90°) = —sin(6) tan(f + 90°) = — tan(d)

sin(180° — @) = sin(h) cos(180° — ) = — cos() tan(180° — 0) = — tan(h)

sin(90° — ) = cos(0) cos(90° — ) = sin(0) tan(90° — ) =

tan(g) ~ <40
sin(a + b) = sin(a) cos(b) + cos(a)sin(b)  cos(a + b) = cos(a) cos(b) — sin(a) sin(b)
sin(2a) = 2sin(a) cos(a) cos(2a) = cos*(a) — sin?(a)
sin(a) sin(b) = % lcos(a — b) — cos(a+b)]  cos(a) cos(b) = % [cos(a — b) + cos(a + b)]
sin(a) cos(b) = % [sin(a — b) + sin(a + b)]

sin? @ = %[1 — cos(26)] cos? @ = —[1 + cos(26)] sin(a) cos(a) = % sin(2a)

N =

cost)  os) = 2 (75 ) i (25

cos(z) + cos(y) = 2 cos (”C ;F y) cos (w - y)

sin(z) + sin(y) = 2sin (ITW) €08 <x ; y)

4 Approximation Formulae

Af df 1 .

1
sinf ~ 0 tanf ~ 0 cosﬁml—ié’2 all for 6 <<'1

5 Quadratic Formula



b+ b2 —4 b b2
If O:a$2+bx+c, then IZQ—CLC:—Q—:I: < > <
a a

Numerically robust solution (Press-178):

q= —% [b + sgn(b)v/b? — 4(10} x = % Tg =

QO

6 Vector Formulae

a=ldl = /a2 + a2 @+ b= (ag + b, ay +by)

a
arctan (a, ay) + nm = arctalcomputational (a—y) + THHeaviside (— 0 )sgn(ay) + nm  for a, # 0.
T
0= g+n7r for a; = 0 and a, > 0.
T
—§—|—mr for a; = 0 and a, < 0.

. L /a
a=|dl = /a2 + a2 + a2 920051(;2)

@-b=abcosh = agby + ayby + azb, a+b= (ay + by, ay +by,a, +b,)

oL

—dxb= absin(0)é = (ayb, — byaz, a by — byay, azby, — byay)

7 Differentiation and Integration Formulae

d(xP d(z°
(d:v ) =paP~!  except for p = 0; (%) _
T

Taylor’s series  f(z) = Z %Jf(n) (o)
n=0 ’

f(z)dx = F(z)|° = F(b) — F(a) where dF(x) = f(x)

o dx

ntt 1
/x" dx = except for n = —1; /— dx =1n|z|
n+1 T



8 One-Dimensional Kinematics

Av A2z

Gave = R

dv
dt

Az
e = 5

dx
dt

v =

Five 1-dimensional equations of kinematics

dt?

Equation No. Equation Unwanted variable
1 v=at+ v Az
1
2 Az = iat2 + vot v
3 (timeless eqn) v? — 02 = 2aAx t
1
4 Az = B (v+ o)t a
L 5
5 Azr = vt — —at U1
2
Fiducial acceleration due to gravity (AKA little g) g=98m/s’
Trel = T2 — T1 Urel = V2 — V1 Arel = G2 — Q1
ZC/ =T — 'Uframct 'U/ = U — Uframe CL/ =a
9 Two- and Three-Dimensional Kinematics: General
. A7 L dr N AV L dv AT
v = X, V= — a = — a=— = —
vE AL dt e AL dt — dt2

10 Projectile Motion

1, .
T = Vg ot Yy = —igt + vy,0t + Yo Vg0 = Vg cos 0 Vy,0 = vosinf
’ T T 4 rtand z2g
= = = rtanf — ————
vz  Vpcosd y=" 203 cos? 6
v sin 6 cos 0 v3 sin? 6
Tfor y max — — Ymax = Yo + ———
9 29
202sinfcosf  v2sin(20 T V2
I(y - yO) - 0 == 0 ( ) efor max — Imax(y == yO) = 2
g g 4
2(yo — 2(yo —
20 = 0) = £y (yo —y) Ho = 0) = (yo —y)



11 Relative Motion

=
Il
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V=7V — U1

1

ST
I
)

L

12 Polar Coordinate Motion and Uniform Circular Motion

do
w=—
dt
5 N 5 dF dT R + é .
7=rf V= —=—7F+r1Ww a=
dt dt
U = rwf v =
- v? o 2.4
Gcentripetal = —77‘ = —-rwr

do _ &
dt — di2

P _ (&
dt2 — \ de?

W Qtan = TQ

2

v

Qcentripetal = ——

= rw?

dr N
—rw? ) 7 2—w |6
rw)r—i—(ra—i— dtw

= VW

13 Very Basic Newtonian Physics

— _ Zi mﬂ?z

_ Zsub MsubTcm sub

— Zi m;¥s

S El m;a;

Tem = VUem = Qem =
Mtotal Mtotal Mtotal Mtotal
L Jyp(P)rdv
Tem =
Mtotal
o - - 9
FLet = ma Fo1 = —Fi» Fy=mg g=9.8m/s
Fnormal = _Fapplied Einear = —kz

E' static — min(Fapplicda E static max)

dé dw
Vtangential = TW = T% Qtangential = TQ = TE =
2 o v2
Gcentripetal = __'r‘ r FCcntripctal = —m7r
mg v m
ag.lin = bv v = — T=— = —
>
Fdrdg lin T b g b

1
Fdrag,quad = b'U2 = §CpA’U2 v =

Ff static max — ,LLstatiCFN

FY kinetic = HkineticE'N

0
dt?



14 Energy and Work

. . 1
dW =F -ds W = /F -d§ K= §mU2 Enechanical = K +U
AW dW .,
Pav = — = — P = F U
£ At dt !
AK = Wnct A[]of a conservative force = _Wby a conservative force AE = Wnonconscrvativc
dU - 1
= —— F=-VU U= ~ka? U =mgy
dz 2
15 Momentum
ﬁnet = ma:cm A*chm = net,external AEcm = not
- - n dﬁ - dﬁtotal
= Fne = -7 Fne =
p=me CTdt ¢ dt
R = .  .dm _ L dm
M0cm = Fret non-flux + (Uﬂux - Ucm) = Fnet non-flux + Urel

V= Vg + Vex I (@)
m

dt dt

rocket in free space

16 Collisions

= —

F(t)dt

/.

Dii + Poi = Dy + Doy
Ktotal f= Ktotali

P (m1 — mg)vl —+ 2m2v2
1=

mq —|—m2

V2r — V1 = —(112 - Ul) Vrel’ = —Urel

I .
= E Ap - Inet
q 1+ P2
VUem =
Mtotal

1-d Elastic Collision Expression

1-d Elastic Collision Expression

1-d Elastic Collision Expressions

17 Rotational Kinematics



2m = 6.2831853 . .. 2i =0.15915494 . ..

™

180° 1
80 = 57.295779 ... deg/rad =~ 60rad/deg % = 0.017453292. .. rad/deg ~ 0 rad/deg
T
s dg v A’  dw a w 1 27
=r vty @t a oy Twm PTyTw

1
w = at + wy Af = §at2—|—w0t w? :w§+2o¢A9

1 1
Al = §(w0+w)t Al = —§o¢t2+wt

18 Rotational Dynamics

aull
I
3
X
Dy
!l
I
=
X
M,

L, = Rsz Sin")/L Ty = RFzy Sin"YT L,=1Iw Tz,net = Ta

I = Z mszz I= /R2P av Iparallel axis — Icm + mREm Iz = I;E + Iy

1 1
Tey shell thin = M R? Iy = §MR2 Tey shell thick = = M (R? + R2)

2
1 2 2 2 2 2
Trod thin,em = 75 ML Isphsotia = MR Lsph shel thin = 7 MR
12 5 3
gsinf
Qg ="
14+ I/(mr?)
1 d
Koy = 510}2 dW =1, df P = d—vz/ = T,WwW

A‘Krlrot = Wnet = /Tz,net do AUI‘Ot =-W=- /Tz,con do

AEﬂrot = Krot + A[]rot = Wnon,rot AE =AK + Krot + AU = Wnon + Wrot

19 Static Equilibrium



o
- = / .
Fext,net =0 Text,net = 0 Text,net = Text,net if Fext,net =0

O:Fnetx:ZFw OZFnety:ZFy O:Tnet:ZT

20 Gravity

- G GM S
Fione=— zl;mzfu g=-— 7 fﬁ-dA:—M’GM
GM
T

G GM /2 GM
U=— mima V=- Vescape — Vorbit =
T12 r "

2 > 7,3/2 % = 17’2(4) = L = Constant
dt m

g

Il
—
2[5
Nl

%OJ

Y

Il
—
ﬁ
S

REarth,mean = 6371.0km  Rparth.equatorial = 6378.1370km Mg, = 5.9736 x 10** kg

1AU = 1.495978707 x 10'm  exact by definition

REarth mean orbital radius = 1.495978875 x 10" m = 1.0000001124 AU &~ 1.5 x 10" m ~ 1 AU

RSun,cquatorial = 6.955 x 108 ~ 109 x REarth,cquatorial MSun = 1.9891 x 1030 kg

21 Fluids

F
P=xy P=7 P=Potpgdacpm

Pascal’s principle p = pext — pg(Y — Yext) Ap = Apeyt
Archimedes principle  Fiuoy = Mfuid dis§ = Viuid disPAuidg

equation of continuity for ideal fluid Ry = Av = Constant

1
Bernoulli’s equation p+ 3 pv* + pgy = Constant

22 Oscillation

pP=ft w=2nf F=—kx U= %k:z:Q a(t) = —



10

w= \/g pP= 2”\/% a(t) = Acos(wt) + Bsin(wt)

1 1 1
Erec total = Emv?nax = Ekxfwx = —mv? =+ Zkx?

23 Waves
d?y 1 d?y Fr

de? 2 di? v 1 y=fle—uvt)
. , w
Y = Ymax SIN[E(z — vt)] = Ymax sin(kz — wt) v=o

1 2
Period:? k:% v=fA=— P oyl
L A 2L
Y = 2Ymax sin(kx) cos(wt) n= VG L= ng A= — f= n%

v= <g—];>s nA = dsin(0) <n+ %) A = dsin(6)

I
I = = (10dB I —
2 2= (10dB)x °g<10>
v fo
=n— : =1,3,5 medium = ————————————
f n4L " LR f d 1 _'UO/'Umcdium

r_ v’ _r
f_f<1_;) f_l—v’/v

24 Thermodynamics

dE = dQ — dW = TdS — pdV

Tk =Tc +273.15K Tp = 1.8 x Tc + 32°F

Q =mCAT Q=mL



11

2N 2N /1
PV =NIT — P=23Keg=35 <§mv§MS)
3kT /T'/300
VRrMS = {/ —— = 2735.51... % /—
m A
5 |B —V(9P/V)g
PV = tant 1 < - sound = — = =
constan <’7_3 , d P m(N/V)
Qu w Qu TEETW U Qu-Qc 1-Qc/Qu ¢
o _Qc_Qu-W_ 1 .
Tlcooling W W c Thheating
. T . v . _ _Tc/Tu
Carnot — TH Thheating,Carnot — 1_ TC/TH Tcooling,Carnot = 1— TC/TH
25 Electrostatics
o kqiqs . N N N _ _, N kq . q . 1
Frons= F=qf F=q(B+7xB) E@)=Si=—7 k=
Lon2 r%,z e 1 1 U (™) 7’2r 47?807“2r 4deq

2 kai L F kp(F") o o o 7 o7 den
E(r)=Z| |3(r—ri) E(r)z/a T/P(r—r')dr' ]{E-dA:E—OC

11 space |F -

7 = By - ke 3(p- PP —
QZZ% p= T3 qi P = 2qd E(T‘) —2T+k|:( TZ}
r
- o, I -
EFE=—n T:pr UZ—pE
€0

T
Il
|
<
<
<
Il
=
Se
+
NPy
S~
+
N>
NS



=7

k kq; - kp(7') .. .
vzg V() =S wm:/’ |f“%m’ V(F) = =5
all space

1 kgiq; 1 o

,5,1#]

U:%//dev'zl/p(?)vw)dv

7 — 7] 2

A ! :
C = % C = 507 Cparallcl = ; Ci Coeries - Z C,;

2
1
UC = ;2_0 = §CV2 Cdiclcctric = ’{Ovacuum

Emacroscopic charge = KEnet -
0

n %K‘E”.dg:qcnc

26 Current and Circuits
d . I . .
=4 I:/J-dA J=% J=ngGuw J=oE V=IR

L L v_ig Rzp% P=VI P:VI:IQR:%

node loop 1

1
0= ; Iz 0= ; AV; Rseries = Z Rz Rparand = Z E

i A

AVipitial _ _
r=RC I:%e YT AV = AVl (1—8 t/T)

27 Magnetic Fields and Forces

1 1
o = [1.256 637 061 27(20)] x 107 °N/A? ~ 47 x 107" N/A?  wu= 550E2 + —B?
Ho

IN/A2=1T-m/A 1tesla (T) = 10* gauss (G)
ﬁ:qﬁxﬁ ﬁ:q(ﬁ—i—ﬁxé) dF =Idsx B

|| B _ 2mm
2m ~ |q|B

muv || B

o
Tcyclotron = |q|B Weyclotron = m .fcyclotron =



13

i=NIAh t=jixB U=—ji-B
— 1o Idsx+ ,LL()I ILL()I@ = ,UJOgIlIQ N
dB = *— Bwirc = arc — —,; on2 — o
4T 72 2mr 47y tonz oy 2t
o _ MoNI 5  plR* 5 Mol
Bsolenmd - MO”I Btormd - o circ. loop — mz Bdlpole = W
]{E-dé’:uol @Bz/ B-dA ]{é-dff:o
linked area
d® - - d . dd
=2z 5:7{(E+z7><3)-d§=—— B-dA=-=—"2F
dt dt linked area dt
28 LR, LC, and RLC Circuits
dp 9 dI 1., 1 5
L=— Lisolenoid = Vio E=—-L— Up=-LI = —RB
7 lenoid = HOT 1 a L=35 UupB 210
1 1
Lseries Lz = -
; Lparallcl ; L
dl
52 = _ME M = M12 = M21 Mcon—axial solenoids = ,UfOnInQ‘/inner
L &
n=g I=g5 (1=e™) =1 (1=e7/™) T =Toet
1 A cos(wt) + Bsin(wt) cos(wt) U 4
w = = s(w in(w = w = —=
JICO q q=4qo 20
__RL (R o /E
a4 = 27 27, LC critical = C
. —t/r 2L
q= [qo cos(wt) + 3—3) sm(wt)} et/ =4
29 Alternating Current, Driven RLC Circuits, and Transformers
Vo
V = Vj cos(wt) I = Iycos(wt — @) 7Z = 7
0
_ L—-1/(wC) 1
J = R2+ wL—1 LA.)C2 —tanl[wi] Wres = —F7—
VRt L-1wol ¢ - Nire



I,N, = LN,  I,& = L& =

30 Electromagnetic Radiation (EMR)

L Gen L L do L L AP
?fE.dA:u ?fB-dA:o ?{E-ds:——B ?{B-ds:uoj{JdA—l-aouo—E
€0 dt dt

*f

1
dx2 12

O Jwn = st

1 w 27 27 1
Period = — C:f)\:— A= — k= — c =
f |K| k| A N/TED
L L B 1
E = Eysin(kx — wt) B = Bysin(kz — wt) o
c

- EB - E2 032 o Emameax E12nax CBrQnax

R
S:—EXB S— - == I:Savg— = =
Ho Bo  HoC Mo 210 2p0c 2110
I EE?HB,X Br2nax L
Uavg = — = —(& = 7 Ipoint:—2
c 2 2110 4dr

Cuien _ 2897.7685 pm-K 3000 m-K
T T - T

)\:

1
Iinc

_ 2 _
Itrans. polarized — Iinc cos” 0 Itrans. non-polarized = 5



