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8.01L SUMMARY OF EQUATIONS 
Note: Quantities shown in bold are vectors. 

    
v = dr dt     a = dv dt

For constant acceleration a, if at t = 0 r = r0 and v = v0: 
v = v

0
+ at

r = r
0
+ v

0
t + 1

2
at
2

Circular motion at constant speed a =
v
2

r
=!

2
r (Centripetal acceleration, points towards center of circle, ω 

is angular speed in radians per second) 
Adding relative velocities ("wrt" is short for "with respect to"): v

A

wrt

B

+ v
B

wrt

C

=v
A

wrt

C

F!  = 0 "  a = 0 

    F = ma  or  F = dp dt

(Newton’s first law) 

(Newton’s second law) FAB = –FBA (Newton’s third law) 

p = mv (momentum) 

(impulse) 

(position of center of mass) 

F = -kx (spring force) 

      
J=  F dt

t1

t
2

! =  
dp

dt
dt

t1

t
2

! = p2 "p1

r
cm

=
!m

i
r
i

!m
i

f ! µN (Friction force relative to Normal force) 

F = !
GMm

r
2
r̂

W = F ! dr"
W

other
= !E = E

F
" E

I
     E = KE + PE

  

Fx = !
dU

dx

U =
1

2
kx

2

U =
!GMm

r

(gravitational force between two particles) 

(work done by force F) 

(work-energy theorem) 

(force derived from potential energy) 

Potential Energies: (spring force) 

(gravitational, general) U = mgh (gravitational, near Earth) 

! = k m      x = Acos(!t + ")   

v = #A! sin(!t + ")   T = 2$
!

(Equations for Simple Harmonic Motion) 

P2 + !gy2 = P1 + !gy1

    P +
1
2!v2

+!gy = constant

    
A2v2 = A1v1

(Pascal’s Law: pressure versus height in a liquid with velocity = 0) 

(Bernoulli’s equation) 

(continuity equation) 
PV = NkT = nRT (ideal-gas law) 

(definition of kinetic temperature) 

(buoyancy force, f=fluid displaced) 

    

1
2 mv

2
=

3
2 kT

  
FB = ! fVf g

  

M = mi

i

!
    

I = miRi

2

i

!

    
1
2 Mv

2

    
1
2 I!

2

      

F
ext

i

! = Macm

    

!
ext

i

" = I#

L = r ! p

Quantity Translational Rotational (about axis) 

Velocity, acceleration v, a ω, α (v=Rω, a = Rα) 

Mass 

Kinetic energy 

Net force 

Momentum p = mv� or L=Iω 

! = r " F =
dL

dt
=I#     ! = rF sin($) = Fr%

    L = r ! p   L = mvrsin(")

(torque equations) 

(angular momentum of point particle) 

L=Iω (angular momentum for solid object) 

(parallel axis theorum) 

(cylinder around center) 

I
||
= I

c .m.
+Md

2

I =
1

2
MR

2

I =
1

12
ML

2

(solid sphere around center) 

(rod around center) 

I =
2

5
MR

2

I =
1

3
ML

2

(rod around end) 

(kinetic energy for object moving and rolling) KE =
1

2
M

Tot
v
CM

2
+

1

2
I
CM
!
2

KE =
1

2
I
Pivot

!
2 (kinetic energy for object rotating around a fixed pivot) 

Physical Constants: 

g = 9.8 m/s
2 

Use the approximate value g = 10 m/s
2 

where told to do so. 

G = 6.67×10
−11 

N m
2
/kg

2 

k = 1.38×10
-23 

J/K R = 8.31 J/(mol. K) 
  0° C = 273° K

Density of water = 1,000 kg/m
3 

Atmospheric pressure = 1.0×10
5 

Pa 
Conversion reminder: 

π radians = 180
o 

Lazy Physicist 's Favorite Angle: (to be used when calculators are not allowed): 
36.9

o 
and 53.1

o 
are the angles of a 3-4-5 right triangle so: 

sin(36.9°) = cos(53.1°) = 0.60     cos(36.9°) = sin(53.1°) = 0.80

tan(36.9°) = 0.75        tan(53.1°) = 1.33

Other (possibly) Useful Trig Functions: 

cos(30°) = sin(60°) = 3
2

    sin(30°) = cos(60°) = 1
2

                            cos(45°) = sin(45°) = 1
2

ax
2

+ bx + c = 0 x =
!b ± b

2
! 4ac

2a
Solution to a Quadratic Equation: If then 

Simple Harmonic Motion
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Note: Quantities shown in bold are vectors. 
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t
2

! = p2 "p1

r
cm
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r
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F
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Fx = !
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!

(Equations for Simple Harmonic Motion) 

P2 + !gy2 = P1 + !gy1

    P +
1
2!v2

+!gy = constant

    
A2v2 = A1v1

(Pascal’s Law: pressure versus height in a liquid with velocity = 0) 

(Bernoulli’s equation) 

(continuity equation) 
PV = NkT = nRT (ideal-gas law) 

(definition of kinetic temperature) 

(buoyancy force, f=fluid displaced) 

    

1
2 mv

2
=

3
2 kT

  
FB = ! fVf g

Action and Hamiltonian

I =

∫ t2

t1

dtL(qk(t), q̇k(t), t), H ≡
∑

i

q̇i
∂L

∂q̇i
− L

Lorentz boost in the x-direction, relativity

x′ = γ(x − vt), y′ = y, z′ = z, t′ = γ(t − vx/c2)

c2dt′2 − dx′2 − dy′2 − dz′2 = c2dt2 − dx2 − dy2 − dz2

L = −mc2

√

1 −
1

c2

(

dr

dt

)2

, p ≡
mv

√

1 − v2/c2

Differential cross section

dσ

dΩ
=

1

sin θ
b(θ, E)

∣

∣

∣

∣

db

dθ

∣

∣

∣

∣

, b = impact parameter

General small oscillation Lagrangian

L =
1

2

∑

ij

Mij q̇iq̇j +
∑

ij

Aij q̇iqj −
1

2

∑

ij

Kijqiqj + O(q3)

Orthonormal mode vectors, M = mI, A = 0, K = mΩ2

Ω2Vl = ω2
l Vl,

∑

j

V j
l V j

l′ = δll′ ,
∑

l

V j
l V j′

l = δjj′

qi(t) =
∑

l

Ql(t)V
i
l , Ql(t) =

∑

i

V i
l qi(t)

Jacobian elliptic function sn(z, k2) and Complete Elliptic Integral

z =

∫ sn(z,k2)

0

du√
1 − u2

√
1 − k2u2

, K(k) ≡
∫ 1

0

du√
1 − u2

√
1 − k2u2

Kinetic Energy of Rigid Body

T =
M

2
V 2 +

1

2

∑

ab

ωaωbIab, Iab ≡
∑

k

mk(δabr
2
k − ra

kr
b
k)

Angular Momentum of Rigid Body

Sa =
∑

b

Iabω
b, J = R × P + S

Euler’s Equations

dω1

dt
+

I3 − I2

I1
ω2ω3 =

N1

I1
,

dω2

dt
+

I1 − I3

I2
ω1ω3 =

N2

I2
,

dω3

dt
+

I2 − I1

I3
ω1ω2 =

N3

I3

Hamilton’s equations

ṗk = −
∂H

∂qk
, q̇k =

∂H

∂pk

2

(general moment of inertia)

Classical Mechanics

  (rolling without slipping)v = ωR

Coupled oscillators

M ··q = − K q
(normal modes)

ω = 2π f
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1
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+!gy = constant

    
A2v2 = A1v1

(Pascal’s Law: pressure versus height in a liquid with velocity = 0) 

(Bernoulli’s equation) 

(continuity equation) 
PV = NkT = nRT (ideal-gas law) 

(definition of kinetic temperature) 

(buoyancy force, f=fluid displaced) 

    

1
2 mv

2
=

3
2 kT

  
FB = ! fVf g

 (gravitational, general)         (gravitational, near Earth)U =
−G M(r) m

r
U = mgh

⃗F = − ⃗∇ U
U =

1
2

k(x − x0)2 (spring force)

Formulae for Classical Mechanics

Triple vector product

A × (B × C) =
∑

k

AkBCk − (A · B)C

Polar Coordinates in a Plane

vr = ṙ, vϕ = rϕ̇, ar = r̈ − rϕ̇2, aϕ = rϕ̈ + 2ṙϕ̇

Force laws

F Grav
k = −mk

∑

j !=k

Gmj(rk − rj)

|rk − rj|3
, F EM = qE(r, t) + qv × B(r, t)

F drag = −bv − cvv = −βDv − γD2vv, D = linear size (diameter)

Center of mass and relative coordinates (2 bodies)

R =
m1r1 + m2r2

m1 + m2
, r = r1 − r2

r1 = R +
m2

m1 + m2
r, r2 = R −

m1

m1 + m2
r

Momentum and Angular momentum

pk = mkṙk, L =
∑

k

rk × pk

Total Energy and Conservative Force

E =
N

∑

k=1

mkṙ
2
k + U(r1, · · · rN), F k = −∇kU(r1, · · · rN)

Ellipse (e < 1) or hyperbola (e > 1) in polar coordinates:

r(ϕ) =
p

1 + e cos ϕ
, a =

p

|1 − e2|
, b =

p
√

|1 − e2|
, (x0, y0) =

(

ep

e2 − 1
, 0

)

Orbit in Newtonian potential U = −C/r, C > 0, E < 0

p =
L2

mC
, e =

√

1 +
2EL2

mC2
, Period =

2πa3/2

√

C/m

Galilei boost in the x-direction

x′ = x − vt, y′ = y, z′ = z, t′ = t

1

x = x0 + v0t+
1

2
at2

v(t) = v0 + at

v2f � v2i = 2a(x� x0)

x = x0 +
1

2
(v0 + v)t

⌧ = ~r ⇥ ~F = I~↵ =
dL

dt

T =
1

2
mv2 +

1

2
I!2

! =

r
k

m

f =
!

2⇡
L = I!

vT = 2⇡rf = !r

ac =
v2

r
= �m~⌦⇥ (~⌦⇥ ~r)

Fc =
mv2

r

F cor = �2~⌦⇥ ~v

W =

Z
⌧d✓ = ~F · ~s = Fs cos(✓)

P =
dW

dt
U = mgh

U =
1

2
kx2

U = �Gm1M2

r2

ICOM =

Z
p(r)(�jkr

2 � (xj � xk))d
3r

Ijk =

X

i

mi(�jkr
2
i � (xjxk)i)

I = ICOM +md2

v = vi + vexhaust ln(
µE

M
)

F = vexhaust|
�µ

�t
|

m = m0e
� v

u

T =
1

n
V =

1

2
V

V e↵ = krs +
l2

2mr2

l = mR2✓̇

T 2 _ a3

e =

r
1 +

2El2

mk2

M [
0 1

�1 0
]MT

= [
0 1

�1 0
]

M = [

@Q
@q

@Q
@p

@P
@q

@P
@p

]

P =
�@F

@Q
; q =

�@F

@p
~r2

� = 4⇡⇢G
Z

~r2
� · d~a = 4⇡⇢G⌃k

D2
+ bD + !2

0 = 0

x(t) = eipt[C cos(qt) + E sin(qt)]

Statistical Mechanics

E = kBT =
~2k2
2m

=
p2

2m

I(f) =
C

4V
E(f)

⌦ =
(q +N � 1)!

q!(N � 1)!

S = kB ln(⌦)

T =

✓
@S

@E

◆�1

CP = T

✓
@S

@T

◆

P

= CV +
TV ↵2

T

CV = T

✓
@S

@T

◆

V

= (
@ < E >

@T
)V N

kT = � 1

V

✓
@V

@P

◆

dS =

✓
@S

@T

◆

V N

dT +

✓
@S

@V

◆

TN

dV +

✓
@S

@N

◆

TV

dN

Helmholtz :F = �kBT lnZ

Gibbs :G = E � TS + PV

dE = TdS � PdV + µdN

dV =

✓
@V

@T

◆

P

dT +

✓
@V

@P

◆

T

dP

P (v)dv = n(v)v2 sin(✓)dvd✓d�

v̄ =

Z 1

0
vPdV

v⇤ =
@P

@V
= 0

vrms =

Z 1

0
v2PdV

< nj(✏) >FD=
1

e�(✏�µ) + 1

< nj(✏) >BE=
1

e�(✏�µ) � 1

g(✏) = �S
4
p
2⇡V m3/2

h3
✏1/2

N(⌧ = 0) =

Z ✏F

0
gFD(✏)d✏

< E >=

Z 1

0
✏ < n >FD gFDd✏

⌘ =
!

Qk
 1� Tc

TH

! = Qh �Qc

S =
Q

T
;C =

Q

�T
dQH

TH
= �Qc

Tc

�T = 0;�S =
Q

T
;�! = Q =

Z
PdV

L =
Q

m
;� =

P

A
P = �AT 4

�rms =

p
< E2 > � < E >2

< E >=
f

2
NkBT

✓
N

n

◆
v

⌫

n ⇣
1� v

⌫

⌘N�n

µ

✏F
= 1� ⇡2

12
(

1

✏F�
)
2
+ ...

zi = ⌃je
��Ej ;Z =

1

N !
(zi)

N

< E >= � @

@�
ln(z)

< Õ >=
1

Z
⌃jÔje

��✏j

TD =
h

2kB

s
kT

⇢

✓
6⇢NA

⇡M

◆1/3

T n D : CV ⇡ 12

5
⇡4NkB

✓
T

TD

◆3

�S = 0

CV = 3R

E&M

P =

I
( ~E ⇥ ~H) · d ~A

~L = ✏0

Z
~r ⇥ ~E ⇥ ~Bdr3

P =
E

t

Urad =

Z t

0
Pdt

~m =
1

2

Z
~r0 ⇥ ~J(r0)d3r0

~A =
µ0

4⇡

Z ~J(~r0)d3~r0

|~r � ~r0|

Rotating frames

(centrifugal force)(coriolis force)

m··r = F + 2m ·r × Ω + m(Ω × r) × Ω
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}
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}

ω = 2π /T

(reduced mass)

⃗v = ⃗ω × ⃗r

Linear motion

Rotational motion ω =
dθ
dt

, α =
dω
dt

θ = θ0 + ω0t +
1
2

α t2 (constant angular acceleration )α



Quantum Mechanics

X̃ =

r
~

2m!
(a† + a)

P̃ = i

r
m~!
2

(a† � a)

a|ni =
p
n|n� 1i

a†|ni =
p
n+ 1|n+ 1i

Jx =
1

2
(J+ + J�)

Jy =
1

2i
(J+ � J�)

J±|j,mi = ~
p

j(j + 1)�m(m± 1)|j,m± 1i

Si =
~
2
�i

[Si, Sj ] = i~✏ijkSk

< Sz >= Tr[⇢Sz]

L2|l,mi = l(l + 1)~2|l,mi
Lz|l,mi = m~|l,mi

H =
1

2m
(~p� q ~A)

2
+ q�

H =
p2

2m
+

1

2
m!2x2

E =
~22
2m

En = ~!(n+
1

2
)

Wfi =
1

~2 |
Z 1

�1
hf |H 0|iiei(Ef�Ei)t/~dt|2

! =
eB

2m

< m >=

Z
 ⇤m dx

�m =

p
< m2 > � < m >2

< p >=
1

m

d

dt
< x >

�1
�2

=
µ1

µ2

ei�n̂·
~S/~

= I cos(�/2) + in̂ · ~� sin(�/2)

�tot =
4⇡

k2

X

l

(2l + 1) sin
2
(�e(k))

~2
2m

@2U

@r2
� l(l + 1)~2

2mr2
U + V U = EU

U = rR(r)

Spherical Bessel functions :

Aljl(kr), Blyl(kr)

tan(�l) = �Bl

Al

small k : jl(kr) !
1

kr
sin(kr)

yl(kr) ! � 1

kr
cos(kr)

k cot �0 ⇡ �1

a

kr >
p

l(l + 1)

� ⇡ ⇡R2

f(✓) = � m

2⇡~2

Z
V (r)ei~·~rdr

spherical : f(✓) = � 2m

~2

Z 1

0
rV (r) sin(r)dr

low energy : f(✓) = � m

2⇡~2

Z
V (r)dr3

d✓

d⌦
= |f(✓)|2

 = 2k sin(
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First law:  𝒅𝑼 = 𝒅𝑸 + 𝒅𝑾𝒐𝒏 
Second law: 𝒅𝑺 ≥ 𝟎 
 
Entropy:       
• S ≡ k ln Ω                            
• Stotal = S1 + S2 

 
Temperature, pressure, and 
chemical potential: 
• T−1 ≡ (dS

dU
)

V,N
 

• p ≡ T (dS
dV

)
U,N

 

• −μ ≡ T (dS
dN

)
U,V

 

        = − (
dF
dN

)
T,V

 

 
Fundamental relation: 

dS =
1
T dU +

p
T dV −

μ
T dN 

 
Ideal Gas Law: 

pV = NkT 
 
 

 
Thermodynamic potentials: 
• F ≡ U − TS 
• G ≡ U − TS + pV 
 
 
Work: 

dWon = −dWby = −pdV 
 
First Law: 

dU = dQ − pdV 
 
Equipartition: 

U = (1
2
) kBT per quadratic degree 

of freedom 
 
Heat Capacity: 
• C ≡ dQ

dT
 

• Constant volume: CV = dU
dT

 
• Constant pressure: 

Cp =
dU
dT + p

dV
dT 

 

Thermodynamic Processes: 
 

• Isothermal: T = const. 
• Isobaric:     p = const. 
• Isochoric:   V = const. 
• Adiabatic:   Q = 0 

 
Boltzmann Factor: 

• P(Ei) = Z−1e− Ei
kBT,  

• Z = ∑ e−Ei/kBT
i  

 
Thermal Radiation 
• J = σBT4 

 
Counting particles 
• Distinguishable: Ω = MN 

• Indistinguishable: Ω = MN

N!
 

• q quanta in N oscillators: 

(
𝑁 − 1 + 𝑞

𝑞 ) =
(𝑁 − 1 + 𝑞)!
𝑞! (𝑁 − 1)!  
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Adiabat  
 

 
 
Heat capaci,es 
 

 
Compressibility 
 

 
 
Coefficient of thermal expansion 
 

 
Enthalpy 
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Work: 

dWon = −dWby = −pdV 
 
First Law: 

dU = dQ − pdV 
 
Equipartition: 

U = (1
2
) kBT per quadratic degree 

of freedom 
 
Heat Capacity: 
• C ≡ dQ

dT
 

• Constant volume: CV = dU
dT

 
• Constant pressure: 

Cp =
dU
dT + p

dV
dT 

 

Thermodynamic Processes: 
 

• Isothermal: T = const. 
• Isobaric:     p = const. 
• Isochoric:   V = const. 
• Adiabatic:   Q = 0 

 
Boltzmann Factor: 

• P(Ei) = Z−1e− Ei
kBT,  

• Z = ∑ e−Ei/kBT
i  

 
Thermal Radiation 
• J = σBT4 

 
Counting particles 
• Distinguishable: Ω = MN 

• Indistinguishable: Ω = MN

N!
 

• q quanta in N oscillators: 

(
𝑁 − 1 + 𝑞

𝑞 ) =
(𝑁 − 1 + 𝑞)!
𝑞! (𝑁 − 1)!  
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Compressibility 
 

 
 
Coefficient of thermal expansion 
 

 
Enthalpy 
 

 
  

<latexit sha1_base64="5/bSPIA4Oytly97ahA5SsHKwboU=">AAACA3icbVDJSgNBEO1xN25Rb3ppDIKnMCNuFyHoxWMEs0ASQ02nExt7GbprxDAEvPgrXjwo4tWf8Obf2Ik5uD0oeLxXRVW9OJHCYRh+BBOTU9Mzs3PzuYXFpeWV/Opa1ZnUMl5hRhpbj8FxKTSvoEDJ64nloGLJa/H16dCv3XDrhNEX2E94S0FPi65ggF5q5zfKtHrZ7IFScNxUsbnNmNEOQeOgnS+ExXAE+pdEY1IgY5Tb+fdmx7BUcY1MgnONKEywlYFFwSQf5Jqp4wmwa+jxhqcaFHetbPTDgG57pUO7xvrSSEfq94kMlHN9FftOBXjlfntD8T+vkWL3qJUJnaTINfta1E0lRUOHgdCOsJyh7HsCzAp/K2VXYIGhjy3nQ4h+v/yXVHeL0UFx/3yvUDoZxzFHNskW2SEROSQlckbKpEIYuSMP5Ik8B/fBY/ASvH61TgTjmXXyA8HbJzdWl+0=</latexit>

PV � = constant

<latexit sha1_base64="VNCEEbsePabrJIy1RU2C2J/rYKs=">AAACInicbVDLSgMxFM3UV62vUZdugkWoIGVGfC6EYjcuK/YFnVIyaaYNzTxI7ghlmG9x46+4caGoK8GPMX2A2nogcDjnniT3uJHgCizr08gsLC4tr2RXc2vrG5tb5vZOXYWxpKxGQxHKpksUEzxgNeAgWDOSjPiuYA13UB75jXsmFQ+DKgwj1vZJL+AepwS01DEvy52kclRPr6qOYB4UHE8SmjgRkcCJwHfpD6+mjuS9PhxOEh0zbxWtMfA8sackj6aodMx3pxvS2GcBUEGUatlWBO1kdDsVLM05sWIRoQPSYy1NA+Iz1U7GK6b4QCtd7IVSnwDwWP2dSIiv1NB39aRPoK9mvZH4n9eKwbtoJzyIYmABnTzkxQJDiEd94S6XjIIYakKo5PqvmPaJLgl0qzldgj278jypHxfts+Lp7Um+dD2tI4v20D4qIBudoxK6QRVUQxQ9oCf0gl6NR+PZeDM+JqMZY5rZRX9gfH0DfDukSA==</latexit>

CP,V = T

✓
@S

@T

◆

P,V

<latexit sha1_base64="RX9B7GC+Y3tbH5VDhk2w1s1OtzQ="></latexit>

T,S = � 1

V

✓
@V

@P

◆

T,S

<latexit sha1_base64="plK1A/TA0fsKlG483Fm1eqVTvMg=">AAACJnicbVDLSgMxFM34rPVVdekmWATdlBnxtRFENy4rtLXQGUomvdMGMw+SO0IZ5mvc+CtuXFRE3PkpZtqCWj0QOJxzbpJ7/EQKjbb9Yc3NLywuLZdWyqtr6xubla3tlo5TxaHJYxmrts80SBFBEwVKaCcKWOhLuPPvrwv/7gGUFnHUwGECXsj6kQgEZ2ikbuXC9QHZhRsoxjMnz1q5KyHAg4ngJkyhYJK28m/eyF0l+gM87Na7lapds8egf4kzJVUyhcmP3F7M0xAi5JJp3XHsBL2suJlLyMtuqiFh/J71oWNoxELQXjZeM6f7RunRIFbmREjH6s+JjIVaD0PfJEOGAz3rFeJ/XifF4NzLRJSkCBGfPBSkkmJMi85oTyjgKIeGMK6E+SvlA2YKQtNs2ZTgzK78l7SOas5p7eT2uHp5Na2jRHbJHjkgDjkjl+SG1EmTcPJInsmIvFpP1ov1Zr1PonPWdGaH/IL1+QXZ66ag</latexit>

� =
1

V

✓
@V

@T

◆

P

<latexit sha1_base64="vRr1ZB0D9X/a+vPVuNdadqJVVZw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfF2EoJccI7ibQLKE2clsMmZ2ZpmZFcKSf/DiQRGv/o83/8bJ46DRgoaiqpvurijlTBvX/XIKS8srq2vF9dLG5tb2Tnl3L9AyU4T6RHKpWhHWlDNBfcMMp61UUZxEnDaj4e3Ebz5SpZkU92aU0jDBfcFiRrCxUlC/9k8aQbdccavuFOgv8eakAnM0uuXPTk+SLKHCEI61bntuasIcK8MIp+NSJ9M0xWSI+7RtqcAJ1WE+vXaMjqzSQ7FUtoRBU/XnRI4TrUdJZDsTbAZ60ZuI/3ntzMRXYc5EmhkqyGxRnHFkJJq8jnpMUWL4yBJMFLO3IjLAChNjAyrZELzFl/+S4LTqXVTP784qtZt5HEU4gEM4Bg8uoQZ1aIAPBB7gCV7g1ZHOs/PmvM9aC858Zh9+wfn4Bnd7jms=</latexit>

H = U + PV

Compressability

Adiabat  
 

 
 
Heat capaci,es 
 

 
Compressibility 
 

 
 
Coefficient of thermal expansion 
 

 
Enthalpy 
 

 
  

<latexit sha1_base64="5/bSPIA4Oytly97ahA5SsHKwboU=">AAACA3icbVDJSgNBEO1xN25Rb3ppDIKnMCNuFyHoxWMEs0ASQ02nExt7GbprxDAEvPgrXjwo4tWf8Obf2Ik5uD0oeLxXRVW9OJHCYRh+BBOTU9Mzs3PzuYXFpeWV/Opa1ZnUMl5hRhpbj8FxKTSvoEDJ64nloGLJa/H16dCv3XDrhNEX2E94S0FPi65ggF5q5zfKtHrZ7IFScNxUsbnNmNEOQeOgnS+ExXAE+pdEY1IgY5Tb+fdmx7BUcY1MgnONKEywlYFFwSQf5Jqp4wmwa+jxhqcaFHetbPTDgG57pUO7xvrSSEfq94kMlHN9FftOBXjlfntD8T+vkWL3qJUJnaTINfta1E0lRUOHgdCOsJyh7HsCzAp/K2VXYIGhjy3nQ4h+v/yXVHeL0UFx/3yvUDoZxzFHNskW2SEROSQlckbKpEIYuSMP5Ik8B/fBY/ASvH61TgTjmXXyA8HbJzdWl+0=</latexit>

PV � = constant

<latexit sha1_base64="VNCEEbsePabrJIy1RU2C2J/rYKs=">AAACInicbVDLSgMxFM3UV62vUZdugkWoIGVGfC6EYjcuK/YFnVIyaaYNzTxI7ghlmG9x46+4caGoK8GPMX2A2nogcDjnniT3uJHgCizr08gsLC4tr2RXc2vrG5tb5vZOXYWxpKxGQxHKpksUEzxgNeAgWDOSjPiuYA13UB75jXsmFQ+DKgwj1vZJL+AepwS01DEvy52kclRPr6qOYB4UHE8SmjgRkcCJwHfpD6+mjuS9PhxOEh0zbxWtMfA8sackj6aodMx3pxvS2GcBUEGUatlWBO1kdDsVLM05sWIRoQPSYy1NA+Iz1U7GK6b4QCtd7IVSnwDwWP2dSIiv1NB39aRPoK9mvZH4n9eKwbtoJzyIYmABnTzkxQJDiEd94S6XjIIYakKo5PqvmPaJLgl0qzldgj278jypHxfts+Lp7Um+dD2tI4v20D4qIBudoxK6QRVUQxQ9oCf0gl6NR+PZeDM+JqMZY5rZRX9gfH0DfDukSA==</latexit>

CP,V = T

✓
@S

@T

◆

P,V

<latexit sha1_base64="RX9B7GC+Y3tbH5VDhk2w1s1OtzQ="></latexit>

T,S = � 1

V

✓
@V

@P

◆

T,S

<latexit sha1_base64="plK1A/TA0fsKlG483Fm1eqVTvMg=">AAACJnicbVDLSgMxFM34rPVVdekmWATdlBnxtRFENy4rtLXQGUomvdMGMw+SO0IZ5mvc+CtuXFRE3PkpZtqCWj0QOJxzbpJ7/EQKjbb9Yc3NLywuLZdWyqtr6xubla3tlo5TxaHJYxmrts80SBFBEwVKaCcKWOhLuPPvrwv/7gGUFnHUwGECXsj6kQgEZ2ikbuXC9QHZhRsoxjMnz1q5KyHAg4ngJkyhYJK28m/eyF0l+gM87Na7lapds8egf4kzJVUyhcmP3F7M0xAi5JJp3XHsBL2suJlLyMtuqiFh/J71oWNoxELQXjZeM6f7RunRIFbmREjH6s+JjIVaD0PfJEOGAz3rFeJ/XifF4NzLRJSkCBGfPBSkkmJMi85oTyjgKIeGMK6E+SvlA2YKQtNs2ZTgzK78l7SOas5p7eT2uHp5Na2jRHbJHjkgDjkjl+SG1EmTcPJInsmIvFpP1ov1Zr1PonPWdGaH/IL1+QXZ66ag</latexit>

� =
1

V

✓
@V

@T

◆

P

<latexit sha1_base64="vRr1ZB0D9X/a+vPVuNdadqJVVZw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfF2EoJccI7ibQLKE2clsMmZ2ZpmZFcKSf/DiQRGv/o83/8bJ46DRgoaiqpvurijlTBvX/XIKS8srq2vF9dLG5tb2Tnl3L9AyU4T6RHKpWhHWlDNBfcMMp61UUZxEnDaj4e3Ebz5SpZkU92aU0jDBfcFiRrCxUlC/9k8aQbdccavuFOgv8eakAnM0uuXPTk+SLKHCEI61bntuasIcK8MIp+NSJ9M0xWSI+7RtqcAJ1WE+vXaMjqzSQ7FUtoRBU/XnRI4TrUdJZDsTbAZ60ZuI/3ntzMRXYc5EmhkqyGxRnHFkJJq8jnpMUWL4yBJMFLO3IjLAChNjAyrZELzFl/+S4LTqXVTP784qtZt5HEU4gEM4Bg8uoQZ1aIAPBB7gCV7g1ZHOs/PmvM9aC858Zh9+wfn4Bnd7jms=</latexit>

H = U + PV

Adiabat


Alternative forms

dH
dt

= −
∂ℒ
∂t

(T = KE)
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F (T, V ) = U � TS

G(T, p) = U � TS + pV

H(S, p) = U + pV

Thermodynamic Potentials:

Free Energy

Gibbs


Enthalpy


