
Fundamentals of Condensed Matter
(lecture 4)



Summary lecture 3
• Pairwise additivity

• Second virial coefficient

• B2 for various model potentials
– Hard spheres

– Square well potential

– Van der Waals
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Content of the Liquids part (lectures 1-6)

• Recap thermodynamics and phase diagrams

• Recap statistical mechanics and classical statistical mechanics

• Second virial coefficient and model liquids

• Structure of liquids and compressibility relation

• Ornstein-Zernike relation and link to (scattering) experiments

• Complex and biological fluids

Today, lecture (4)



Today’s lecture (4)
• Structure of liquids

– Radial distribution function g(r)

• Compressibility equation
– g(r) in terms of configuration integral

– Fluctuations 

– Compressibility

– Compressibility equation



Why do liquids exist?

“ Assume that a group of intelligent theoretical physicists had lived in closed 
buildings from birth such that they never had occasion to see any natural 
structures. ... They probably would predict the existence of atoms, of molecules, of 
solid crystals (…), of gases, but most likely not the existence of liquids.”

V.F. Weisskopf, 
Trans. NY Acad. Sci. II 38, 202 (1977)



Structural knowledge is essential

isotropic nematic columnar/
smectic

crystal

(Complex) liquids: strong links between structure, thermodynamics and (pair) interactions



Structure of liquids
Crystal      Liquid      Gas

High density

Long range order

Vibrations at lattice site

Low density

No order

Lots of movement

A bit of both



Reference structure for liquids?
Crystal      Liquid      Gas

Perfect crystals of 
independent atoms

 (Einstein crystal, see lecture 
2 and problem set)

Perfect gas?



Quantifying the structure of liquids
average number density average number of particles between r and r+dr
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Quantifying the structure of liquids
average number density radially averaged number density
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Quantifying the structure of liquids
average number density radial distribution function 
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Coordination shells

average number of particles between r and r+dr
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Gas, liquid and crystal g(r)



Intermezzo: Colloids

3rd year BSc course ‘Soft Matter’ by Evan Spruijt and RD
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Same statistical thermo à Similar phase behaviour

Colloids = (huge) “model atoms”



Colloidal gas,liquid and crystal g(r)
What you see is what you get: picture ↔ g(r)

1 2 3 4

1

2

3

Paddy Royall et al, J Phys.: Condens. Mater, 15, S3581 (2003)
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RPAD et al, Langmuir, 20, 658 (2004)



g(r) of atoms and molecules
Mono-atomic liquids à “particle-picture” applies

Molecular liquids à “particle-picture” may fail

Example: Sulfur S8

• ‘intra-ring’ S-S distance

• ‘inter-ring’ S-S distance



g(r) of mixtures

g(r)
gSS(r)
gSL(r) (and gLS(r))
gLL(r)

µm

Simplest mixture: binary system of large and small hard spheres

185 x 185 µm2 (again colloids)

J. Baumgartl et al, Phys. Rev. Lett., 98, 198303 (2007)
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Molecular ‘binary’ g(r): H2O

gOH(r)
gHH(r)

gOO(r)
gH O(r)

2

`partial radial distribution functions’ for water

radial distribution functions can be directly measured (lecture 5)



Today’s lecture (4)
• Structure of liquids

– Radial distribution function g(r)

• Compressibility equation
– g(r) in terms of configuration integral

– Fluctuations 

– Compressibility

– Compressibility equation



Compressibility relation
link between structure [g(r)] and thermodynamics [kT]

I. Find expression for radial distribution function in terms of ZN

II. Use expression for g(r) to quantify fluctuations

Related to the isothermal compressibility kT
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hNi in d⌧ = probability that a particle is in d⌧
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⇢d⌧

<latexit sha1_base64="dCZvyaxtmJECZQHUver2NEYtRhM="></latexit>

hN(r)i in d⌧ = probability that a particle is at distance r in d⌧
<latexit sha1_base64="piEUq0M2iHhdyKaIVCJt77042is=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXjxWsB/QXUs2m21Ds8mSZJVS+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOVMG9f9dlZW19Y3Ngtbxe2d3b390sFhS8tMEdokkkvVCbGmnAnaNMxw2kkVxUnIaTsc3kz99iNVmklxb0YpDRLcFyxmBBsrPfhqICvqDEXINzjrlcpu1Z0BLRMvJ2XI0eiVvvxIkiyhwhCOte56bmqCMVaGEU4nRT/TNMVkiPu0a6nACdXBeHb1BJ1aJUKxVLaEQTP198QYJ1qPktB2JtgM9KI3Ff/zupmJr4IxE2lmqCDzRXHGkZFoGgGKmKLE8JElmChmb0VkgBUmxgZVtCF4iy8vk9Z51atVa3cX5fp1HkcBjuEEKuDBJdThFhrQBAIKnuEV3pwn58V5dz7mrStOPnMEf+B8/gBQ5JHD</latexit>

⇢(r)d⌧

Average number of particles in dt ?
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I. Expression for g(r)

in the limit of

N, V, T

&

Configuration integral

probability to find certain configuration
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<latexit sha1_base64="vZiO+7elF5p0eT+GAt/FogP6sF0="></latexit>

ZN =

Z
· · ·

Z
e��U(x1,...,zN )d⌧1 · · · d⌧N ! ZN =

Z

V
d⌧1

Z

V
d⌧2 · · ·

Z

V
d⌧Ne��U(~r1,~r2,...,~rN )

<latexit sha1_base64="nwS5zNeQvK3Ves4A0+fMCvbToiE="></latexit>

e��U(~r1,~r2,...,~rN )

ZN
d⌧1d⌧2 · · · d⌧N

<latexit sha1_base64="XycDAI5z9ks40bZmWA4rlJ33OHw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItRNSUSqG6HoxmUFe4EmlMl00g6dzISZiVBCNr6KGxeKuPUx3Pk2TtMstPWHgY//nMOZ8wcxo0o7zrdVWlldW98ob1a2tnd29+z9g44SicSkjQUTshcgRRjlpK2pZqQXS4KigJFuMLmd1buPRCoq+IOexsSP0IjTkGKkjTWwj66hF0qEU0+ORU2eZTlkcGBXnbqTCy6DW0AVFGoN7C9vKHASEa4xQ0r1XSfWfoqkppiRrOIlisQIT9CI9A1yFBHlp/kBGTw1zhCGQprHNczd3xMpipSaRoHpjJAeq8XazPyv1k90eOWnlMeJJhzPF4UJg1rAWRpwSCXBmk0NICyp+SvEY2Ty0CazignBXTx5GTrndbdRb9xfVJs3RRxlcAxOQA244BI0wR1ogTbAIAPP4BW8WU/Wi/VufcxbS1Yxcwj+yPr8AQIElg4=</latexit>

=
⇢(r)

⇢



I. Expression for g(r) … cont’d 

in the limit of     &
<latexit sha1_base64="WV8GDjEEHuQ7KzqV+RO7SL8f6Qc=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkItVj0YsnqWA/oAlls920SzebsDtRQu3Bv+LFgyJe/Rve/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmuGR14CBYK1GMRIFgzWBwNfab90xpHss7yBLmR6QnecgpASN17P2bkwb2FO/1gSgVP2CPyxCyjl1yys4EeJ64OSmhHLWO/eV1Y5pGTAIVROu26yTgD4kCTgUbFb1Us4TQAemxtqGSREz7w8n9I3xklC4OY2VKAp6ovyeGJNI6iwLTGRHo61lvLP7ntVMIL/whl0kKTNLpojAVGGI8DgN3uWIURGYIoYqbWzHtE0UomMiKJgR39uV50jgtu5Vy5fasVL3M4yigA3SIjpGLzlEVXaMaqiOKHtEzekVv1pP1Yr1bH9PWBSuf2UN/YH3+AH92lc0=</latexit>

N,V ! 1
<latexit sha1_base64="nvt4uWmvf0AMXXurmkVkKjwkjQQ=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQi1YtQ9OJJKtgPaELZbDft0s1u2N0USsg/8eJBEa/+E2/+G7dtDtr6YODx3gwz88KEUaVd99sqra1vbG6Vtys7u3v7B/bhUVuJVGLSwoIJ2Q2RIoxy0tJUM9JNJEFxyEgnHN/N/M6ESEUFf9LThAQxGnIaUYy0kfq27UcS4ewhz9r5jS9Hom9X3Zo7h7NKvIJUoUCzb3/5A4HTmHCNGVKq57mJDjIkNcWM5BU/VSRBeIyGpGcoRzFRQTa/PHfOjDJwIiFNce3M1d8TGYqVmsah6YyRHqllbyb+5/VSHV0HGeVJqgnHi0VRyhwtnFkMzoBKgjWbGoKwpOZWB4+QiUKbsComBG/55VXSvqh59Vr98bLauC3iKMMJnMI5eHAFDbiHJrQAwwSe4RXerMx6sd6tj0VrySpmjuEPrM8fxYKTxA==</latexit>

N

V
= ⇢

<latexit sha1_base64="Cnm8d2xoAou/qgXUZqqz5fQgldY="></latexit>

g(r) =
V 2

ZN

Z

V
d⌧3 · · ·

Z

V
d⌧Ne��U(~r,~r0,~r3,...,~rN )



Compressibility relation
link between structure [g(r)] and thermodynamics [kT]

I. Find expression for radial distribution function in terms of ZN

II. Use expression for g(r) to quantify fluctuations

Related to the isothermal compressibility kT
<latexit sha1_base64="5syZZJ/kL2P2xPQyTZld+T22w2g="></latexit>

T = � 1

V

✓
@V

@p

◆

T

=
1

⇢

✓
@⇢

@p

◆

T

<latexit sha1_base64="/j979XXEWH7wzoKX2Ee2neCYalo=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIVC9C0YsnqWA/oAlls920SzebsLsRS8hf8eJBEa/+EW/+G7dtDlp9MPB4b4aZeUHCmdKO82WVVlbX1jfKm5Wt7Z3dPXu/2lFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMLme+d0HKhWLxb2eJtSP8EiwkBGsjTSwq54cx+gSeaHEJLvNs04+sGtO3ZkD/SVuQWpQoDWwP71hTNKICk04VqrvOon2Myw1I5zmFS9VNMFkgke0b6jAEVV+Nr89R8dGGaIwlqaERnP150SGI6WmUWA6I6zHatmbif95/VSHF37GRJJqKshiUZhypGM0CwINmaRE86khmEhmbkVkjE0K2sRVMSG4yy//JZ3TutuoN+7Oas2rIo4yHMIRnIAL59CEG2hBGwg8whO8wKuVW8/Wm/W+aC1ZxcwB/IL18Q12B5QY</latexit>

⇢ =
N

V

interactions!!



Fluctuations in n  à  Variance

II. Fluctuations (grand-canonical ensemble)

with compressibility

Calculate              using expression for g(r) …

<latexit sha1_base64="lyF8JaYDj+rrtRP2erUrWE2OLZU=">AAACE3icbZDLSsNAFIZPvNZ6i7p0M1gEESxJkeqy6MZlBXuBJpbJdNIOnUzCzEQope/gxldx40IRt27c+TZO2yjaemDg4//P4cz5g4QzpR3n01pYXFpeWc2t5dc3Nre27Z3duopTSWiNxDyWzQArypmgNc00p81EUhwFnDaC/uXYb9xRqVgsbvQgoX6Eu4KFjGBtpLZ97HEsupwicVtCnpzyCfpRvzXjtu2CU3QmhebBzaAAWVXb9ofXiUkaUaEJx0q1XCfR/hBLzQino7yXKppg0sdd2jIocESVP5zcNEKHRumgMJbmCY0m6u+JIY6UGkSB6Yyw7qlZbyz+57VSHZ77QyaSVFNBpovClCMdo3FAqMMkJZoPDGAimfkrIj0sMdEmxrwJwZ09eR7qpaJbLpavTwuViyyOHOzDARyBC2dQgSuoQg0I3MMjPMOL9WA9Wa/W27R1wcpm9uBPWe9ffXucqw==</latexit>

hn2i � hni2
<latexit sha1_base64="KjgqDQ0vIZyyBE/pOfhQ4FGzilA=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpUt0IpW5cVugLmhgm00k7ZJIJM5NCCcWNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPnzAqlWV9G4W19Y3NreJ2aWd3b//APDzqSJ4KTNqYMy56PpKE0Zi0FVWM9BJBUOQz0vXD25nfHRMhKY9bapIQN0LDmAYUI6Ulzzy5gY4Y8YcqDL1GC44hdEKUJMhreWbZqlhzwFVi56QMcjQ988sZcJxGJFaYISn7tpUoN0NCUczItOSkkiQIh2hI+prGKCLSzeYvTOG5VgYw4EJXrOBc/T2RoUjKSeTrzgipkVz2ZuJ/Xj9VwbWb0ThJFYnxYlGQMqg4nOUBB1QQrNhEE4QF1bdCPEICYaVTK+kQ7OWXV0mnWrFrldr9ZbneyOMoglNwBi6ADa5AHdyBJmgDDB7BM3gFb8aT8WK8Gx+L1oKRzxyDPzA+fwCnfJW0</latexit>

= ⇢2kBTvT

<latexit sha1_base64="lyF8JaYDj+rrtRP2erUrWE2OLZU=">AAACE3icbZDLSsNAFIZPvNZ6i7p0M1gEESxJkeqy6MZlBXuBJpbJdNIOnUzCzEQope/gxldx40IRt27c+TZO2yjaemDg4//P4cz5g4QzpR3n01pYXFpeWc2t5dc3Nre27Z3duopTSWiNxDyWzQArypmgNc00p81EUhwFnDaC/uXYb9xRqVgsbvQgoX6Eu4KFjGBtpLZ97HEsupwicVtCnpzyCfpRvzXjtu2CU3QmhebBzaAAWVXb9ofXiUkaUaEJx0q1XCfR/hBLzQino7yXKppg0sdd2jIocESVP5zcNEKHRumgMJbmCY0m6u+JIY6UGkSB6Yyw7qlZbyz+57VSHZ77QyaSVFNBpovClCMdo3FAqMMkJZoPDGAimfkrIj0sMdEmxrwJwZ09eR7qpaJbLpavTwuViyyOHOzDARyBC2dQgSuoQg0I3MMjPMOL9WA9Wa/W27R1wcpm9uBPWe9ffXucqw==</latexit>

hn2i � hni2

<latexit sha1_base64="5syZZJ/kL2P2xPQyTZld+T22w2g="></latexit>

T = � 1

V

✓
@V

@p

◆

T

=
1

⇢

✓
@⇢

@p

◆

T

<latexit sha1_base64="xYFDpnIAtWrEbVDyBhS3VJiMFYY=">AAACG3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZItWNUHTjSirYC3SGkkkzbWgmGZJMoQzzHm58FTcuFHEluPBtTNtBtPWHwJf/nENy/iBmVGnH+bIKK6tr6xvFzdLW9s7unr1/0FIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORtfTentMpKKC3+tJTPwIDTgNKUbaWD276smhgJfQCyXC6W2WtrKfm8cQHzACIYeenGOWjrOeXXYqzkxwGdwcyiBXo2d/eH2Bk4hwjRlSqus6sfZTJDXFjGQlL1EkRniEBqRrkKOIKD+d7ZbBE+P0YSikOVzDmft7IkWRUpMoMJ0R0kO1WJua/9W6iQ4v/JTyONGE4/lDYcKgFnAaFOxTSbBmEwMIS2r+CvEQmVy0ibNkQnAXV16GVrXi1iq1u7Ny/SqPowiOwDE4BS44B3VwAxqgCTB4AE/gBbxaj9az9Wa9z1sLVj5zCP7I+vwG7ZagxQ==</latexit>

⇢ =
N

V
=

hni
v

<latexit sha1_base64="obyK22fXp2UIZys7BfR5e7epe80=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBE8lLIrUj0WvXiSCt220C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UZr6xubW9uFneLu3v7BYenouKXjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN/N/PYTU5rHsmkmCfMjMpQ85JQYK3kPlVal2S+VnaozB14lbk7KkKPRL331BjFNIyYNFUTrruskxs+IMpwKNi32Us0SQsdkyLqWShIx7WfzY6f43CoDHMbKljR4rv6eyEik9SQKbGdEzEgvezPxP6+bmvDGz7hMUsMkXSwKU4FNjGef4wFXjBoxsYRQxe2tmI6IItTYfIo2BHf55VXSuqy6tWrt8apcv83jKMApnMEFuHANdbiHBnhAgcMzvMIbkugFvaOPResaymdO4A/Q5w/HeY4H</latexit>

N,V, T
<latexit sha1_base64="H78CSPib/1Y+NQAtnZsvZBZz9Z4=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXpHosevFYodsW2qVk02wbmk2WJFsoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6387G5tb2zm5hr7h/cHh0XDo5bWmZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+GHutydUaSZF00wTGsR4KFjECDZW8kVlUmn2S2W36i6A1omXkzLkaPRLX72BJGlMhSEca9313MQEGVaGEU5nxV6qaYLJGA9p11KBY6qDbHHsDF1aZYAiqWwJgxbq74kMx1pP49B2xtiM9Ko3F//zuqmJ7oKMiSQ1VJDloijlyEg0/xwNmKLE8KklmChmb0VkhBUmxuZTtCF4qy+vk9Z11atVa0835fp9HkcBzuECrsCDW6jDIzTABwIMnuEV3hzhvDjvzseydcPJZ87gD5zPHylIjkc=</latexit>

n, v, T

* not derived here

*



Calculate              Start with

Fluctuations … cont’d

Define

Counts number of particles in v

<latexit sha1_base64="xYFDpnIAtWrEbVDyBhS3VJiMFYY=">AAACG3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZItWNUHTjSirYC3SGkkkzbWgmGZJMoQzzHm58FTcuFHEluPBtTNtBtPWHwJf/nENy/iBmVGnH+bIKK6tr6xvFzdLW9s7unr1/0FIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORtfTentMpKKC3+tJTPwIDTgNKUbaWD276smhgJfQCyXC6W2WtrKfm8cQHzACIYeenGOWjrOeXXYqzkxwGdwcyiBXo2d/eH2Bk4hwjRlSqus6sfZTJDXFjGQlL1EkRniEBqRrkKOIKD+d7ZbBE+P0YSikOVzDmft7IkWRUpMoMJ0R0kO1WJua/9W6iQ4v/JTyONGE4/lDYcKgFnAaFOxTSbBmEwMIS2r+CvEQmVy0ibNkQnAXV16GVrXi1iq1u7Ny/SqPowiOwDE4BS44B3VwAxqgCTB4AE/gBbxaj9az9Wa9z1sLVj5zCP7I+vwG7ZagxQ==</latexit>

⇢ =
N

V
=

hni
v

<latexit sha1_base64="obyK22fXp2UIZys7BfR5e7epe80=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBE8lLIrUj0WvXiSCt220C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UZr6xubW9uFneLu3v7BYenouKXjVFHm0VjEqhMQzQSXzDPcCNZJFCNRIFg7GN/N/PYTU5rHsmkmCfMjMpQ85JQYK3kPlVal2S+VnaozB14lbk7KkKPRL331BjFNIyYNFUTrruskxs+IMpwKNi32Us0SQsdkyLqWShIx7WfzY6f43CoDHMbKljR4rv6eyEik9SQKbGdEzEgvezPxP6+bmvDGz7hMUsMkXSwKU4FNjGef4wFXjBoxsYRQxe2tmI6IItTYfIo2BHf55VXSuqy6tWrt8apcv83jKMApnMEFuHANdbiHBnhAgcMzvMIbkugFvaOPResaymdO4A/Q5w/HeY4H</latexit>

N,V, T
<latexit sha1_base64="H78CSPib/1Y+NQAtnZsvZBZz9Z4=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXpHosevFYodsW2qVk02wbmk2WJFsoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6387G5tb2zm5hr7h/cHh0XDo5bWmZKkJ9IrlUnRBrypmgvmGG006iKI5DTtvh+GHutydUaSZF00wTGsR4KFjECDZW8kVlUmn2S2W36i6A1omXkzLkaPRLX72BJGlMhSEca9313MQEGVaGEU5nxV6qaYLJGA9p11KBY6qDbHHsDF1aZYAiqWwJgxbq74kMx1pP49B2xtiM9Ko3F//zuqmJ7oKMiSQ1VJDloijlyEg0/xwNmKLE8KklmChmb0VkhBUmxuZTtCF4qy+vk9Z11atVa0835fp9HkcBzuECrsCDW6jDIzTABwIMnuEV3hzhvDjvzseydcPJZ87gD5zPHylIjkc=</latexit>

n, v, T

<latexit sha1_base64="lyF8JaYDj+rrtRP2erUrWE2OLZU=">AAACE3icbZDLSsNAFIZPvNZ6i7p0M1gEESxJkeqy6MZlBXuBJpbJdNIOnUzCzEQope/gxldx40IRt27c+TZO2yjaemDg4//P4cz5g4QzpR3n01pYXFpeWc2t5dc3Nre27Z3duopTSWiNxDyWzQArypmgNc00p81EUhwFnDaC/uXYb9xRqVgsbvQgoX6Eu4KFjGBtpLZ97HEsupwicVtCnpzyCfpRvzXjtu2CU3QmhebBzaAAWVXb9ofXiUkaUaEJx0q1XCfR/hBLzQino7yXKppg0sdd2jIocESVP5zcNEKHRumgMJbmCY0m6u+JIY6UGkSB6Yyw7qlZbyz+57VSHZ77QyaSVFNBpovClCMdo3FAqMMkJZoPDGAimfkrIj0sMdEmxrwJwZ09eR7qpaJbLpavTwuViyyOHOzDARyBC2dQgSuoQg0I3MMjPMOL9WA9Wa/W27R1wcpm9uBPWe9ffXucqw==</latexit>

hn2i � hni2
<latexit sha1_base64="AUo9bww3oRvtDphGB9l6irqyV58=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWwVVJilSXRTcuK9gLNLFMppN26GQSZiZCDcVXceNCEbe+hzvfxmmbhbb+MPDxn3M4Z/4g4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6ntbbD1QqFos7PU6oH+GBYCEjWBurZx95HIsBp0jcV5En59yzy07FmQktg5tDGXI1evaX149JGlGhCcdKdV0n0X6GpWaE00nJSxVNMBnhAe0aFDiiys9m10/QqXH6KIyleUKjmft7IsORUuMoMJ0R1kO1WJua/9W6qQ4v/YyJJNVUkPmiMOVIx2gaBeozSYnmYwOYSGZuRWSIJSbaBFYyIbiLX16GVrXi1iq12/Ny/SqPowjHcAJn4MIF1OEGGtAEAo/wDK/wZj1ZL9a79TFvLVj5zCH8kfX5A08NlIA=</latexit>

hn2i

<latexit sha1_base64="BiKwbZlwipvPxctWNRyog1Wvww8=">AAACA3icbVDLSgMxFM3UV62vqjvdBItQN2VGpLopFN24kgr2AZ1xyKRpG5pkxiRTKEPBjb/ixoUibv0Jd/6NaTsLbT1w4XDOvdx7TxAxqrRtf1uZpeWV1bXsem5jc2t7J7+711BhLDGp45CFshUgRRgVpK6pZqQVSYJ4wEgzGFxN/OaQSEVDcadHEfE46gnapRhpI/n5A1fF3E9oxRnf3zwU3SHBUPr0BFaMWbBL9hRwkTgpKYAUNT//5XZCHHMiNGZIqbZjR9pLkNQUMzLOubEiEcID1CNtQwXiRHnJ9IcxPDZKB3ZDaUpoOFV/TySIKzXigenkSPfVvDcR//Pase5eeAkVUayJwLNF3ZhBHcJJILBDJcGajQxBWFJzK8R9JBHWJracCcGZf3mRNE5LTrlUvj0rVC/TOLLgEByBInDAOaiCa1ADdYDBI3gGr+DNerJerHfrY9aasdKZffAH1ucPeZyWxg==</latexit>

NX

i=1

q(~ri) = n

<latexit sha1_base64="ypP/79/7RsWwDtAesqI7IOmYqW0="></latexit>

q(~r) =

(
1 if ~r 2 v

0 if ~r 62 v



Fluctuations … cont’d … cont’d

total correlation function:

<latexit sha1_base64="OwpjoQop1pps+5wQCu3VMIATktg="></latexit>

hn2i = hni+ ⇢2v

Z
d⌧ [g(r)� 1] + hni2

<latexit sha1_base64="xdUA7F2xrK7gTc7O4dxxhx5YpLA=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWoS4siUh1WXTjsoK9QBvKZDpph04mcWZSqKX4Km5cKOLW93Dn2zhps9DqDwMf/zmHc+b3Y86UdpwvK7e0vLK6ll8vbGxube/Yu3sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfrD67TeHFGpWCTu9DimXoj7ggWMYG2srn0wKMkT1KH3CRuhfsqnLuraRafszIT+gptBETLVuvZnpxeRJKRCE46VartOrL0JlpoRTqeFTqJojMkQ92nboMAhVd5kdv0UHRunh4JImic0mrk/JyY4VGoc+qYzxHqgFmup+V+tnejg0pswESeaCjJfFCQc6QilUaAek5RoPjaAiWTmVkQGWGKiTWAFE4K7+OW/0Dgru5Vy5fa8WL3K4sjDIRxBCVy4gCrcQA3qQOABnuAFXq1H69l6s97nrTkrm9mHX7I+vgFTZZM3</latexit>

h(r) ⌘ g(r)� 1



<latexit sha1_base64="QJPFCdxOq0xGp/xymvxUKJ2vrp8="></latexit>

hn2i � hni2 = hni+ ⇢2v

Z
h(r)d⌧

Compressibility relation
we obtained:

started with:
<latexit sha1_base64="9F00nUIk34tPk+oZxnyb1ZC9ZGs=">AAACK3icbZDLSgMxFIYz9VbrrerSTbAIbiwzRaobodSNywq9QacOZ9K0Dc1khiRTKKXv48ZXcaELL7j1PUzbUbT1QODj/8/h5Px+xJnStv1mpVZW19Y30puZre2d3b3s/kFdhbEktEZCHsqmD4pyJmhNM81pM5IUAp/Thj+4nvqNIZWKhaKqRxFtB9ATrMsIaCN52bLLQfQ4xeKugF055zP8o35rxr0y3A8NDLxyFQ+xO4AoAq/qZXN23p4VXgYngRxKquJln9xOSOKACk04KNVy7Ei3xyA1I5xOMm6saARkAD3aMiggoKo9nt06wSdG6eBuKM0TGs/U3xNjCJQaBb7pDED31aI3Ff/zWrHuXrbHTESxpoLMF3VjjnWIp8HhDpOUaD4yAEQy81dM+iCBaBNvxoTgLJ68DPVC3inmi7fnuVI5iSONjtAxOkUOukAldIMqqIYIukeP6AW9Wg/Ws/VufcxbU1Yyc4j+lPX5BaQYpX8=</latexit>

hn2i � hni2 = ⇢2kBTvT

See also problem set

Link between structure and thermodynamics

<latexit sha1_base64="Mn8G/hTa5pgXsN1aF34W9Ohz9QY=">AAACF3icbVDLSsNAFJ34rPUVdelmsAgVISQi1Y1Q6sZlhb6gCeFmOmmHTh7MTIRS+hdu/BU3LhRxqzv/xmmbhbYeuHA4517uvSdIOZPKtr+NldW19Y3NwlZxe2d3b988OGzJJBOENknCE9EJQFLOYtpUTHHaSQWFKOC0HQxvp377gQrJkrihRin1IujHLGQElJZ803LOsSsGCXZZrDAelMUZ7rkKMnwz14d+rYHdIaQp+A3smyXbsmfAy8TJSQnlqPvml9tLSBbRWBEOUnYdO1XeGIRihNNJ0c0kTYEMoU+7msYQUemNZ39N8KlWejhMhC593Uz9PTGGSMpRFOjOCNRALnpT8T+vm6nw2huzOM0Ujcl8UZhxrBI8DQn3mKBE8ZEmQATTt2IyAAFE6SiLOgRn8eVl0rqwnIpVub8sVWt5HAV0jE5QGTnoClXRHaqjJiLoET2jV/RmPBkvxrvxMW9dMfKZI/QHxucPY2Sc/Q==</latexit>

1 + ⇢

Z
h(r)d⌧ = ⇢kBTT

<latexit sha1_base64="XzchcFgvwsuhv9pLEVURuPy818E="></latexit>

1 + 4⇡⇢

Z 1

0
h(r)r2dr = ⇢kBTT

<latexit sha1_base64="5syZZJ/kL2P2xPQyTZld+T22w2g="></latexit>

T = � 1

V

✓
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@p

◆

T

=
1

⇢

✓
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@p

◆

T



Next lecture: Ornstein-Zernike relation

• Link between interaction potential and structure

• Link with (scattering) experiments

or

<latexit sha1_base64="SgZtpXzs4SV9jUCfIiJ1e8NjP2k=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0UQhJK0Ut0IRTcuK9gHNCFMJpNm6OTBzEQoIb/hxl9x40IRl7ryb5ymWWjrgYHDOecy9x43YVRIw/jWKiura+sb1c3a1vbO7p6+f9AXccox6eGYxXzoIkEYjUhPUsnIMOEEhS4jA3dyM/MHD4QLGkf3cpoQO0TjiPoUI6kkRzcCJzObObyCuCBnFg9iaNFIQg9aEqVOq3BauQq2VNDR60bDKACXiVmSOijRdfRPy4txGpJIYoaEGJlGIu0McUkxI3nNSgVJEJ6gMRkpGqGQCDsrLsvhiVI86MdcPbVSof6eyFAoxDR0VTJEMhCL3kz8zxul0r+0MxolqSQRnn/kpwzKGM5qgh7lBEs2VQRhTtWuEAeIIyxVmTVVgrl48jLpNxtmu9G+O693rss6quAIHINTYIIL0AG3oAt6AINH8AxewZv2pL1o79rHPFrRyplD8Afa1w+3hJ5H</latexit>

h12 = c12 + ⇢

Z
d⌧3c13h32

<latexit sha1_base64="RTBbCKDa+3WBH0mZ7F/bIkUY64U=">AAACHHicbVDLSsNAFJ34rPUVdelmsAgVoSQq1Y1QdOOygn1AE8pkOmmGTjJhZiKU0A9x46+4caGIGxeCf+MkDaitBwbOnHMv997jxYxKZVlfxsLi0vLKammtvL6xubVt7uy2JU8EJi3MGRddD0nCaERaiipGurEgKPQY6Xij68zv3BMhKY/u1DgmboiGEfUpRkpLffPUCZCCAayOjuAlzD8448fQEQEvhNz9KeybFatm5YDzxC5IBRRo9s0PZ8BxEpJIYYak7NlWrNwUCUUxI5Oyk0gSIzxCQ9LTNEIhkW6aHzeBh1oZQJ8L/SK9TKb+7khRKOU49HRliFQgZ71M/M/rJcq/cFMaxYkiEZ4O8hMGFYdZUnBABcGKjTVBWFC9K8QBEggrnWdZh2DPnjxP2ic1u16r355VGldFHCWwDw5AFdjgHDTADWiCFsDgATyBF/BqPBrPxpvxPi1dMIqePfAHxuc3fV6dSw==</latexit>

ĥ(k) = ĉ(k) + ⇢ĉ(k)ĥ(k)



Content of the Liquids part (lectures 1-6)

• Recap thermodynamics and phase diagrams

• Recap statistical mechanics and classical statistical mechanics

• Second virial coefficient and model liquids

• Structure of liquids and compressibility relation

• Ornstein-Zernike relation and link to (scattering) experiments

• Complex and biological fluids

Next lecture (5)


