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PART 01+ CARNOT HEAT ENGINES & PHENOMENOLOGICAL LAWS SHAKIL MAHMUD EDITORIAL - THERM-101

The Limits of Work: Carnot Cycles, Reversibility & The Second Law

olf Cla

Thermodynamic Heat Engine Flow

HOT RESERVOIR (T_H)

QH

ENGINE

ac

COLD RESERVOIR (T_C)

T W; O0rev
camot =1 — T*( = Qfml, $ %
H H

=0

5 5: 315 STWoteT ST biapd N1 5 93¢ ©1 QIS [V, T FIATT 7501 STINT 3 PITIICT STOT ST T |

b b8 AT B J=F I35 T A A Feem e s S i@ Fafl soi7 @3 @16 ¥ e Fea=: Réflexions sur la puissance
motrice du feu (“Sietd Silemie keas afswem) | fRigRers aRee A 3fgaeE e ST, OF Q3R SRENT T A0 | TR
R ST Fa0e IS o T “FEARE” NS IF GA2 ST SACAT LA | AACHF N | S| 93 IS LIRS fewoiie weaw | [ Soiafa e, ot
£R35T 20 IS B T 71; 9. FIer Cofd T G5 By wioty Rieq (A [ w19ty Retq Siesia ofetae Nt—Ba (oI S=Itsd @sid (AT s @ToT il Aife (e
GG I YR rF |

ivsf 3fgiw @ dffsasietola 4iqell (Reversibility)

I @7 @F (el e Qrafater q i Yoo s gl @ AfEs FAFrmE 2w P aaft e sfawer o (i sRifes Foig vfzs Fier @@ @&
A TE? @3 AraF Ted Jerce fof 7o, ELiT @ afmeige wif@ifRel @iy S a3 s, Figfae 2t a5l tefd T, 11 5T wrerw &7 @ @wsieet (quasi-
static reversible) &TCog wi&5 e s=5ef =:

1. ASTIS! FCAL A (St02): Fifere=b Ty 21w Sosiar @b Tm T A0 A1 2 | M55 V) (A Va SOl & 208 300 Q7 ©IFt (<e
0, &g o Sowial Seiafes A0 | Q4 FoFIed AW W, = inty: P,dV = nRTyIn(Va/V1) = Qp |

2. AT THOIAT A (t09): SiFeRGre wfea [k a1 23 (dQ = 0) | WG Prota e sis e I wRe avifss zre P Fer
o *Ifes I T AMoet T 9% Sl Ty (AT N Tp-(S (AR |

3. ASHIIST FACAI FCHI6F (Vt08): FiFTSRGT Tr SIomaR Mee AT FCH FI9 FE IR (A PO 5191 e susTess ik w41 20 | @2 affesam
M Q, AT SI9t Awet WRIE 76 F: |Qc| = nRTln(Vy/Vy) |

4. SIS PHSIA HLLHIO (80d): 7j~ar MiFrerbie waas My e segfbe wea @it i (Py, Vi, Tyr) Fofdea st =271
FICHTF SARATS @ wFld 2iaw Fiwl
Ry 93 e 5l afefb & 75l eesiael, o2 3 At [Aoioeitd sifec a3t sl GlreTtabd tofd 41 3T8F | J130F (AF W IS &Tls FCF Aroe

IR ATF Qc 1ol T T WHF Qp Ol FCwat T2 719 | Sy o5 Bagdl «fSa (Perpetual motion of the second kind) S5€<®! efslel FC FICA SR
aferfSs Sstoimy (re:

et Gotoftvg: 5io [NAE SIomIQIT SEEs Noey [GRreT @i O FEE G SrenaS] AT (BUF (A T 20O AT A, I7¢ AFZ SN Ny blfeve
ST SIS AGHTT FNTES] TN T—FIZS W71 ] AL ST G O (PSR (TSN 73 |
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I ST CFLG TN ST NI &NIerS T (7, S [T Seie S e 29 Sosas Sgtss :
fracQcQp = fracloTy

e I G FrFe] WYHIG SIMER IFIET (6 2 Srififes eear:

eta_{text{Carnot}} = frac{W_{text{net}} {Q_H} = frac{Q_H &#8211; Q_CHQ_H} =1 &#8211; frac{T_CHT_H}

FI, TG FANFA € @[T T

FITH TGS T THIF 91 Srisfiey oI et TS SIS 3 TS feRITamer T | C<IIES ot &mIge @R IRre o1t el &t fof facerm:
fracQuTh + fracQcTc =0

FITEN FACS AR (@, B19-SIRTeA ST (AR Gie @ bITR Eofe] AE S9HfeS F& & FICH| bLard ST RO o Fal T | A (R A= 91T
differential Sis BH@ACE SloTal e ©Ist FC AN FCE OIF S 25 T

oint fracdeltaQyepirerT = 0

93 ST eI FE T dS = fracdeltaQietre,T 9F &FS BB T (state function) | f&F == FAG (taurhoopiacuteeta) AT FHITT & T AT
QB () | I AV @ WLGIS! HLG Trel§ FFITCHL SITS| (T2

oint fracdelta@QTleOimplies DeltaSgeint fracdeltaQT

TR e R 58 (deltaQ = 0) QT FUE FICS A =: dSgel | Sosfeima o Joad @3 foet sme Foa—smiey *fe wefisTae aee,
FICSR ST *Ifeea T WReoel e © Reyes 2 |

v
TG M2, AT (2026) | "FISH /=5 S5 — e 3G, GG/ @GS Ja | A7 e w1 @ ersyaifefing, %@ s | hitps.//shakilmahmud.com/bn/statistical-mechanics-
and-thermodynamics-part-1-carnot-engines-entropy-second-law-bn/
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PART 02 - THERMODYNAMIC POTENTIALS & MAXWELL RELATIONS SHAKIL MAHMUD EDITORIAL - THERM-101

The Geometry of Energy: Legendre Transforms & Maxwell Reciprocity

Gibbs Free mholtz Ei ferential Exa

The Thermodynamic Square (Born & Guggenheim) The 4 Fundamental Maxwell Relations

1. FromdU:  (3T/V)_S = ~(9P/2S)_V

2.FromdH:  (3T/aP)_S = (3V/dS)_P

3. From dF: (8S/8V)_T = (9P/oT)_V

(3S/3P)_T = -(3V/aT)_P

foq 2 IFBrITNEN ANTCIENIE FINT 3 (IS FHTT, (@I (U BIIG (VTS NIRRT S50 fSstifae a1

e R @@ 9ER el Fafye = ot JfAe =fe srrs—amalfgam a1 sifesiRaes oo Fe maEtes sl =fe

CRRICT] e GG gl T | ARG BT T4 (| I R 405, @0l (et Tee ARCIes! 197 celifom Sren 27, o3 Fosgs FieEd e
(&< (5 Srevedrt = U 7Rl fR«ifie = =11 792 ©f Fafge 2x sifisifie Siwmi e =18 gr1 Qe as [Reow =ifesq sibafee a& | @rerel FeeE (Legendre
Transformation) @<l 2Nfafes O NECs S Rml orafs e Stb=rre &Sl Fta 992 T (T YRS T AR &S 977k |

Cfere rosife sRieee @ Srerale =ifes

e¥ @ Sl JTad T WIS 2esiae! aferwiz oy e fewamfame =i hrem:
dU =T dS &#8211; P dV + sum_{i} mu_i dN_i

QI SRR #fes U = U(S,V, N;) oF oy Freie vee—agfo S, e V 93 Tl 745l N;-93 S RO A1 | Qe Ie (AT Ahedl T1
$ig vei @Al (intensive variables):

T = left(fracpartialUpartial Sright)v n, quadP = —left(fracpartialUpartialVright)s n, quadmu; = left( fracpartialUpartial Niright)s,v,n

AV jnei

sifgrelta e 208 IEResig U (S, V, N) I 321 STors e | 19 GBI 7 qral sieay sro5pef wist-fegiess wifieast ool w41, 11 It @ifber; w125 sisisial
T 31519 P a3 39 Ters J291 | ©I% SNE O @36 Mo HoiTea ATe = (It (S1e ©27 7l IR SerSTa Svadne 08 21 |

CCaTSIE FIGd: e oyififod tqoel

a5 T Tedt AHFF f(2)-F 797 BT (2, f(z)) e 9= e 41 TR, (N {4 5 p = /() 93R TeTg (@l —g(p) e e 41 9187 | @3
7S TCFFF g(p)-(F 67 28 (FICOTOR oIS

g(p) = sup_{x} [p x &#8211; f(x)] implies g(p) = p x(p) &#8211; f(x(p))

93 (goe| SIIfSRmT eta T Cofs =7 foaib @sifamr sicb=f e
o (ZCRISHE J& ¥ F(T,V, N) (F = U &#8211; TS):
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dF =-S dT &#8211; P dV + mu dN

27 sl @ 4 SISt (T = 0,dV = 0) I Fo5gS el F-aa N S1 91 | (T T (0 A& (7 “Afsiaviel 0ree e wizael il 7,
©l 3l —DeltaF' |

o @@ H(S,P,N)(H =U + PV):

dH =TdS + VdP + mudN

R 51 (AP = 0) &Il &ff s ffze q1 s oist 2z @ EfR fiasema sum: dQp = dH |
o s @ %@ G(T, P, N) (G = H &#8211; TS):

dG = —8dT + VdP + mudN

Ry SR IR [ 93 SRR taRkS dfew (29 omal ¢ Fa Iquas oie 70, o TR 5 §e =R ey frams: e ve=s
FOFIPS 2 M dGle) = |

TIFETHCER T4 @ ACeIBINT Faie

(Tg G3 AGARTASGT (o6 TN, O GIUCEE S99 (Schwarz’s Theorem) Sl Sitra fGo siaid e (REANGTE 27d FNT 2C© 145
fracpartial? Phipartialzpartialy = fracpartial>Phipartialypartialz | @3 oS Qf@me] (A0 o (T IRISTICER bR [eyre o<

1. dU (@: le ft( fracpartialTpartialVright)g = —left( fracpartial Ppartial Sright)y

2.dH @ left(fracpartialTpartial Pright)s = le ft( fracpartialVpartial Sright)p

3. dF (= left( fracpartial SpartialVright)r = left(fracpartial PpartialTright)y

4.dG @: left(fracpartialSpartial Pright)r = —left( fracpartialVpartialTright)p

G2 THFYER ST @y SRS | TR sfwie S avEe asw AfE—cr B oesia siof fag A @GR ARRET (partial S /partial P)r—33
STRTGTE AR TS AAR T2 alpha T S T TG T | (FIIOTSR FASR NG Siopaifsimy g, o @ anmfe B o afen sififes
TSI (o0 (A |

v

SR S, AT (2026) | "*fE= SIffe — UTNGIEANE AGAIIET, (TSI S S NH ST T | SAfao7e A 577791 @ Srapafefem, 4 </

https://shakilmahmud.com/bn/statistical-mechanics-and-thermodynamics-part-2-potentials-legendre-transforms-maxwell-relations-bn/
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PART 03 - MAXWELL-BOLTZMANN VELOCITY DISTRIBUTIONS SHAKIL MAHMUD EDITORIAL » THERM-101

The Statistical Emergence of Heat: Kinetic Theory & Velocity Distributions

Ludwig Boltzmann (18 onal Equilibrium

Maxwell-Boltzmann Molecular Speed Distribution Across Temperatures

T =300 K (Room Temp)

m

my?
JO)=anC o 2T

Vmp <V < Vrmg

foq ©: AfST orIvIaR MR QIESIIN QIHIE %16 IBA @I 972 AT, 5 3 Yot 31535 ([Q0IT QA HE ATHIA |

WW@WWW@W@W‘%@W%M%WW| &ft FigeTera 2o FAcs oIS AT &R, Prvee oifS @3z amafae
SARERZ—FE ML TYIFAF 2157 TIE © e sspef T=A | Bl ST FN? SIoIal s CNfereid F @RIE? sbes A Fo sfdsin e
AR (T FIF ST (F2 AT TS O FeZA| AT (Fecer | fof a5t (wieen @ififts wae =1l (ot et sifesa e venl {Gferae Gfemm
FBREFIAF TR 2RIE OF eeiiet Refele s BT gl Fa0e | @2 Siied fofers Symreta smidfeeta e sfmiesfe Ja wifiisa s wefke
TS B TN |

ooy (AT Bitsd sAfesifae efsoma

V = L3 Setd O30 IR A N AA5F m SEd Sl o151 371 RIIo 541 T | v, (@001 5T A0 1 T4 -0 STT (MOTI [BSToE 41l 2,
T OF SHACR AREEH 9B Deltap, = 2mu, | MSTEADGTS 56 o917 4@ we5e! S8 Deltat = 2L /v, | 86 sk Ja S @2 Fei1fbq 71k (reara
@9 AYG NG T

F, = fracDeltap, Deltat = frac2mv,2L/v, = fracmv’L
S N AL FR STy 3 09 AN 0T SRR CFrawee] A = L2 =[Ol S CNI5 5191 sfhes T
P = fraclL%umﬁlfracmv;iL = fracNmVlanglevzrangle

(R NRIFEI ST I A AN (SIENGHF), O TR (@97 {15 N@wes Fweeng a6e A langlevirangle = langlevirangle + langlevgrangle +
langlevirangle = 3langlevirangle | 24k langlevirangle = fracl3langlev’rangle I sfeeted N=W ANFH &fRCT @

PV = fracl3Nmlanglev*rangle = frac23Nleft(fracl2mlanglev’rangleright) = frac23Eestrin
I ST SIRFG Ja PV = NkpT-93 AT G Qe T2 SR (ol 92575 Sraifos =2

leftlanglefracl2mv®rightrangle = frac32kgT
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I (T T S 7 Sl Z0E WYSBTHAR 1T (A sifswifiess erorss sAfammst |

T STACETA Tl 96+ @ siifeifes S

RS $oefs T (7, effels aefke siee vaw R zete Aol AR @R 3967 2o 201 37 ¢ weifmea | o 4@ @m o foafs gmmes @
SAMT (v, vy, ;) ARTRLICSI TR, T (A TSRS @orFeT RO (T TH:

f(mathbfv) = phi(v,)phi(v,)phi(v.)

SRR FAT el TR 9% FERA @R @O A7T A4 v* = v2 + v + v2-97 @57 T3 FA0o o1 | 92 INFAeb AN 9F1g ~1fefeT Fof ==l
QAT ST FS:

phi(v,) = left(fracm2pikBTM‘ght)I/Zea:pleft(ffracmvi2kBTright)
o NG (@9 AT v AT G SlT0e| (NI (AT Chasat dpiv? dv TMCT T SateT oiew T KL I STTA-(QBETTHI Gl 5
f(v),dv = 4pileft(fracm2pikpTright)* *v?exple ft(— fracmv®2kpTright)dv

&S vifafas wfS © =Ifesa b S

GG ST TH— TS 297 TR A5 TE ToItE S5 @R T @ e ™/ 2h5T 07 SeIE R o7 (o 0 TS (I ST | T @4 (/TS fons o wiffas
Tl siew
1. ST SIS WS (Vyepimp): f(v)-93 N (fracd fdv = 0):
Vteatmp = Sqrtfrac2kpTm
2. 918 EfS (barv): &AT TS intyn ftyv f(v), dv:
barv = sqrtfrac8kgTpim
3. Y-G9 TolS (Vsetrms ): =& A A F~sifFee:

Vteaxtrms = sqrtfrac3kBTm

@3 FReE @ v_{text{mp}} &lt; bar{v} &lt; v_{text{rms}} ST IEHRIR 4F CNfeF Tl | SIS T8 @EBTHH aiF dvifie @ efedl FEw
*Ifgsa a6 NS (Equipartition Theorem): Stz SRz @ifSfb faare =@imer W@l (6235, gof A1 79) BF fracl2kpT s 19 =& 4 3 |
ol WF (I S &9l 98e1 71— 9t et &1f S IfS stawiefg ==ifre Jeey |

SR N1, AT (2026) | "RAYER @9 — NfSeg @ S SHT- (I I | AR Fefail @ iffawsl, ¥ © | https://shakilmahmud.com/bn/statistical-mechanics-
and-thermodynamics-part-3-kinetic-theory-maxwell-boltzmann-distributions-bn/
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PART 04 + PHASE SPACE DYNAMICS & LIOUVILLE'S THEOREM SHAKIL MAHMUD EDITORIAL - THERM-101

The Incompressible Continuum: Hamiltonian Phase Space & Liouville Flow

6N-Dim: mplectic Volume

Hamiltonian Phase Space Flow & Symplectic Area Invariance

Liouville: The phase space density is constant along particle trajectories.

do _
dr

%G;+{9,H}=0 < Vr-x=0
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Sifgs FEARMIE N R4S FN HIA] [IEIE 3N TRAF AR FAE mathbfq = (g1, dots, gsy) 9% 3N RS SIE mathbfp = (py, dots, psy) &l
ST 1 T | AT T 25 6N -GS A 391 2 F&r 91 (Gamma = mathbbRON):

mathbfz = (mathbfq, mathbfp) = (q,,dots, g3y, p1, dots, psy)inGamma

93 TFGEF TR FAGERE (7o Afbifere 28 @Ffs 9FF (@ WArFF—INEBITT H (mathbfq, mathbfp,t)-a3 NG, T HIEGER S
FRIFF (T BT

dotq; = fracpartial Hpartialp;, quaddotp; = — fracpartial Hpartialg,quad(i = 1, dots, 3N)

e R afefs [ @it e MEGHTHs Mot T | 57 IR M AT [RuG @Fer et @36 aawias sfoor toft F0a | [5g Ry @Il I8 ST
BT o1 SR AT of TB, O (T, SIS 9175 G5 T o6 SR 2Ifacs @it Figiv siffsiednae avere (ensemble)-&3 79 (e 953
TR wofere Ffgrs wgfarfs wwfe, 71 @3 T@RA TG rho(mathbfq, mathbfp, t) 7RI FhfH e =2 |

T efSreTa Toonws: Stecival gt oae

@G PR FafeFa @med dGamma = d*Y q, d* p-cs TIEHE {0& AMSTF FSRA dP = rho(mathbfq, mathbfp,t), dGamma | (=Y (6 TSR
7| AT 5<% ST (2t R 31 &7 20 A F—12 ABRA TG (FO (0T G315 wi-fozaeld 7MFa (continuity equation) (3T beIC 2

fracpartialrhopartialt + nablagammaecdot(rhodotmathbfz) = 0
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frac{partial dot{q}_iHpartial q_i} + frac{partial dot{p}_i}{partial p_i} = frac{partial*2 H}{partial q_i partial p_i} &#8211; frac{partial*2 H}
{partial p_i partial q_i} equiv 0

Ry WRRE FAFA G AT S T, OIR GRS (9T e SifStaeer TiRerrest wha Fdeea 5! @ wie wkigaed FANeaat @ v e
Fceze (oRrsite:

fracdrhodt = fracpartialrhopartialt + rho, H = 0
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PART 05 - MICROCANONICAL ENSEMBLE & BOLTZMANN ENTROPY SHAKIL MAHMUD EDITORIAL - THERM-101

The Logarithm of Possibility: Microstates, Multiplicity & S =k_BInQ

Ludwig Boltzma Multiplicity cal Definition of Temperature

Microcanonical Phase Hypersurface & Multiplicity Q(E)

5(E)
S=k_BInQ(E)

»
" Slope = 3S/3E = 1T

1 as 1
S=ksInQEV,N), ==Gp ﬁ=kB—T
V.N

5@ &: WIHBIBTIANABIT *11F BT 3 (ST (157 STID, 972 [IHSNINAL T S35 GG/ STABIYS = k_B In Q(E) |

CEIE TR TIfRTHE JUfos @FDOHItg "foBTsd A qFHNG HANFI (AMIB T SR, T AFTYT S5 (sl 4R AN Gy Soited

@ TR O TR (3T I+ FCF: S = klogW | $5-AQ I T @EHSTI G2 HANFT I FCIRCA, T TG W4 8 ST S5 ST WO LS|
RGNl SRR SFGEF2 SO TARFE FACo | IR 917 IZF Ol A0 (e, QFIRIg @ 1O1F RTIST (STO 2TT 550Y AN @EHOTH AZTSF| FCIT—
T 5 72 29 =2 & (19 FTA 67 AMTH AT RIS AFBISIE el FARe | [5G @IEBOHIee (372 AN Aene W= Jagfed e (e =5

o Wi @ |

sAfaareasiae Tefwre ciifes Fosfog

- SR (AT MIIHINT Sistaifefmra (o oy @@l a3t ssief [ftgm 5=z [Ris=1 7, 99 (W6 SR =& E, simes V @3k 9 74
N A8 | e 01 Gamma-ce @2 353316 @i [ine «fes Stz b sgm 0 | (@ray feferas Sosms asie S8 @ e CITd @[z SRS TR F0F,

13 1T @ [@Fsenniv afed) T A AL-TSIFeiT e Fosfoia (Equal A Priori Probability Postulate):

SN ST 2<F (P [RIRA I Gy (A8 STe@eieont (B, V, N)-47 ST 5RoAfS51of sffSfs ey SEcameonihe 7aioe 2615 &I 7317 |

&3 TS, [E, E + delta E] *If& BT&R &5 (N Q2151 MRCSIOHC0F 345 (3 (e i) =61 Omega(E, V, N):

Omega(E, v, N) = fraclN!, hSNintb‘lsH(mat,hbfq,mathbfp)leE ; dg[faEdSNq7 d3Np

QI A3 T2l SRR Fer T (FRIB (T NI 2SR S AT I, 93 N T390 fen SN @Ero srenesl s F

oo 4TS SiyTSH e F0F |

TR %P © @G AT anE @ot

QG @ Omega-a3 FNEAER TNPAITSS 202 56 779 &= [z 581 A 932 B [R5+ 41 T16, TR (B NG5 TG Omegay 998 Omegag |

(ARG SI7 NECEFCEOOYE FHTSIE J& 20O A, ©IR ([ AIFA (N6 AW 75| 0 S

Omega, p = Omega  timesOmegap
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aifeite @<e aFioa AR ACPFF QIFAE (9T TS FACO ACH, W ©f L&A AN f(zedoty) = f(z) + f(y)if ff(z) = kinz | 992 @EBEHH
g FleTerl TNeae! SRER FE:

S = kplnOmega(E,V,N)

@A kp = 5.0b0L8atimesd0 2, text] /K 2l ([IFHETI &< | G (I T2 oet 7¥; @b (et @6 iR veipsney v stree sizaifosyefl it ift
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Soae AfSow @ FF-BLEre TRwa

7f5 Rtz <8 A, 8 A, 3t et Gt sine =Ifes [ 906, 5@ b *1fS E = By + B, B9 At | s 5916 F<ifEs SeR=sT Syewoes e (

fracpartiallnOmegaesioepartial By = 0):
left(fracpartial Sypartial Eyright)v, n, = left(fracpartial Sopartial Exright)y, n,equiv fraclT
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S(E,V,N) = Nkgleft[inleft(fracV Nleft(fracipimE3Nh*right)*/*right) + frac52right]
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PART 06 + BOLTZMANN'S H-THEOREM & LOSCHMIDT'S REVERSAL SHAKIL MAHMUD EDITORIAL - THERM-101

The Arrow of Time: Molecular Chaos, The H-Theorem & Loschmidt's Paradox
|

lar Chao sal

The H-Curve Decay, Loschmidt Velocity Inversion & Statistical Irreversibility

Boltzmann H(t)
Loschmidt Reversal: p  -p

dH/dt = 0 (Decay to Eq

Stosszahlansatz: Pre-collisional independence breaks time symmetry for macrostates. Time t

H® = [ f(v,))Inf(v,0)dv,

67 & @IBEHIAT 925 RISET 9FYE SoF 932 TG @ Aoy @pmsifoq [Rstde arafde [yera foagri a1
Theaa siferras @i smiaizer sNffes efesss srate: skl s Refice sspef S (tto — t) | 1o [ierrs aam Bfegior saca ofbe «me
(A =51 BT CIPICIR (I T@2 9% 27 A1 | S0 IV MILGECHNF ST 218 (U (et (a3l FRifiad Ffe wof (ore (ite Srel $rel 20 9,
G (TR Tl FHRENSTEA FAR FTST (ACF (SIS 0o AR SR SR 2CS R A 7 (@2 G50 Srenl fENF (@1 F4E W 61 T8 =R sl

TR AP SHa% I FO s @REBEH (NHNTE NI GFF Ifaa e ee efssl St @35-frew@w (H-Theorem) | &7 &3 &5t Keerta 220t sryew
1SN s etk o=l T IS [0 ©ef (The Arrow of Time) |

@EHETHIN FISCAIS FNFe 8 935-FIeHleT

9B AFREIRT IR FA@ERE AfREET AT IS @B GF-F I SCHFS f(mathbfr, mathbfov,t) dI67 FCE | A S fefes
Sty S df /dt = 0 | 58 FANGTAR TerF1a oS 7eaef Rasel S0 @Ry Cof I O JoIRFIE AN

fracpartial fpartialt + mathbfvcdotnablamanssr f + fracmathbf Fmedotnablamans sy f = left(fracpartial fpartialtright)iestcon

ST ST AR FACS (I @EBerT (5 (27T ST Fea— el el = (Stosszahlansatz): 56 4@ @ @ gf6 Fo0 siaced 5 o<zs
ARG T4l R @ WY AE: fo (mathbfvr, mathbfvs) = f(mathbfvy)f(mathbfuvs) | 93 TR @517 fofe w0 fof H () wiemet wikealfire
O

H(t) = intf(mathbfv, t)lnf(mathbfv,t), d*v

@@RG flnf EN AT GG T, O H (t) T ofeimia dere@ aGi*e Tumafes: S(t) = —kpH(t) | SR ATHATE TI5 S0 TR Jq IACE
QBT &9 S Ol QeI @35-RetE:

fracdHdtleOif f fracdSdtge0

QeI [ FcafaEm @ o Febes avsiRe! creifier (it sivsifefinsa swaesiael fTe @t 7)< qfFFeiE afosve Fea e |
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(BICT) e 75 FC dH [ dileQ I145075e- 909 A7 7 |
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&R AR 9T AR R TS TR G S | O MRG0 Ol GO TG ZAS (FG (9T SIHF TS S5 79175 |

@57 3 @I oW AifEE Aainsl 7 @ft 2E @ s sifaseanSe Freiiieel (Statistical Typicality) | (Fer TR (15 WEOER 55.5555...%
T WL FCR ACF I GG ARG | QAR Rl FER AR TNEHR TR 9 @ (G G2 FIRC (@ Jo& AR G0 [Reefe 28914 Sofr &b
IS et afer |

el wwsfom (The Past Hypothesis) @ waieaifes 7257

@3 SAferAnfae T Ko @ @ee 187 NEreneifes eras o e =i s @GR FReeE Feifis 27, o @ asoe S=ife SRR (Fitg 75 7o
B0 (713 (@2 (& Q18 THg G, T WA O 9% SRR By Beas =wieg?

A o1l M6 FRAMI © TG (IS R, Siosifefamsa o g Wier F1er TR (96 €3 IR (@ so. b [ifemm a=7 9 wwRewrer a-es
T WE @F A e i @Bfice @ zeafee (The Past Hypothesis) | iift s2ificy wzesiEeng smil @ w9t @ Aweid 3foe fam @ o @
FREIET HeSF GBI Sl (ol FERe | @ §fRkicte @GR afslt Ifa—ame ool (W wE S AT TRBET NSIma = H—is @i SErensifes
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PART 07 - CANONICAL ENSEMBLE & GIBBS MEASURES SHAKIL MAHMUD EDITORIAL - THERM-101

The Thermal Bath: Canonical Partition Functions & Helmholtz Free Energy

J. Willat Therm zmann Fact Fluctuations

The Canonical Ensemble: Heat Reservoir, Gibbs Measure & Energy Fluctuations

HEAT RESERVOIR (T, B=1/k_BT)

. —BE;
Z=SePE, P = ez , F=—ksTInZ=(Ey—TS

i

foa a: enmArfREreT OISR ST, AT (TSI (@ISHSNIIA PIE 932 SN @ Afes @&y =1 REfoa 3671

TSl @FOOTITAR MR RHICAIFE AT 9B IFIEIE 9ol TSTFYes 4y @ibiEs (9ok o 14 28, @4 (1 =ifes foaalat (27| g s

& w=fiees e f5p3 orasife e 701 GRTe a1l @3 S FfE SRR INeEd R Sade i #fes [ Tac | Sieitad fBaqa =19 vso

SIoIaR SR o Qo 41 725 FACR | (&I 1 ST ST AT TFIREE A TR BT FENE H15] S0 SN omrifam cenforams
TS st Wi S FCNIfle @aeTet (Canonical Ensemble) | 919 &3 @@Rrs A0 WS ofgs smfieacra s = snfifes aa:
A I |

Q@FHETI T34 8 ARG &Af S0

e 9T SIKE R-43 S O Se=eef 15l @G o 5971 S Reavel 341 9156 | i 5981 S + R el [ifew @3 (Wi & Erepir = E; + Ep &3,
R F; 20 S-97 @6 iR TRreenee =& | @rag sl IReie (Ergg E; ), O @3 FI¥wor W@l $o5aEe 6 &1 i @t @

sAferanfae @ Fosie s, IR E; wfers A STeREl P; RN ST a=aciely Merwod 745 Omega_R(E_{text{tot}} &#8211; E_i)-
93 AAATES:

P_i propto Omega_R(E_{text{tot}} &#8211; E_i) = expleft( frac{S_R(E_{text{tot}} &#8211; E_i){k B} right)
QG El1 B, ey0, O12 SIKIER QT (5319 44T g a1l Tr:

S_R(E_{text{tot}} &#8211; E_i) approx S_R(E_{text{tot}}) &#8211; E_i left( frac{partial S_RH{partial E_R} right) = S_R(E_{text{tot}}) &#8211;
frac{E_iH{T}

Sod SAMGTEIR S <05 BT T T S S Torel SN (Crtoin fty) | T SINE A3 Rg<5TS @EBente w5ige:
Piproptoexpleft(—fracEikpTright) = e b

@A betaequiv fraclkpT = Seifelma [srdrey ) Sromrar |
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FHCBIeT AN Hiee: siorsifeRmya 1o sy

TG NFACE > TG G5 HNB MBCFIOL0T 8T ([FBO TECRd TE (ST T, A Sy 21 @ 495 9% o Zustandssumme 31 FIcIf~we
INT* FIe*Iw (2):

— —betaFE;
Z = sum;e

AT I (et @B e &7 7 @fb SrstaifeRmy st P 4iREe ermral A S | @7 FNfimiie ae (s Fdee @i e e
cSre e

o oG TerGal W& langle Erangle:
langleErangle = sum;E; P; = — fracpartiallnZpartialbeta

o i RpfS @ stetame wwel:

sigma_E/2 = langle EA2 rangle &#8211; langle E rangle/2 = frac{partial*2 In Z}{partial beta”2} =k_B T2 C_V

Z (AT (EARHG & *Ifes

AT FIRATTT G2 WIGIFINT ANZ N TCGICRIE SroiifSfmsia Tamifar o1 F1? FHCIIeT 1601 ey 3157 @Bt B w20 o T
S=-k Bsum_{i} P_iln P_i = frac{langle E rangle {T} + k_B In Z implies -k_B T In Z = langle E rangle &#8211; T S

AT (RECRITHG & *If&s F = U &#8211; TS-47 IR Gofl FCers sifaie2nifas wefivs (12 v el qfiee sie:
F = —kgTinZ

TItFICHF Troitea 2w gty

IS GoorRce e «fes 27 72; SR S ©f SRS =& AME-2m= FE SN F0E | S BRI 9l OF 215 A1 =& @ FAEIR FmeE
AfeafSe = 71?2 93 Sex e wWeg Ao =fesrare:

fracsigmaglangleErangle = fracsqrtkpT*CylangleErangleproptofracsqrtNN = fraclsqrtN

TR AR IBCS TR 2 Napprozd0, $i3 =Ifed STsifs Siwesls 906 M@ S0 ~>>¢ Nigre—a 919 @ric sfesiavmaia ofisisis qeaa S orae
IS @t ! HCA AV SIS AT AT 292 MR AN QTR S| AT B S5} @i S |

¢
LG N2, NPT (2026) | "SI ST — FACANAPIET QFCTEE, A5 Siex @ §&s #ifes" | sifore<iface Ferfam @ erarafefans, <@ a1 https./shakilmahmud.com/bn/statistical-
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PART 08 + GRAND CANONICAL ENSEMBLE & CHEMICAL POTENTIAL SHAKIL MAHMUD EDITORIAL - THERM-101

Open Exchange: Grand Canonical Partitions, Chemical Potential & Fugacity

Gibbs Grand Ensemble: Simult: t and Partic

Grand Canonical Exchange: Thermal Bath & Particle Diffusion
RESERVOIR (T, ) Number Fluctuations & Compressibility

OPEN SYSTEM (V)
Exchanges Heat 5Q & Particles 6N
Grand Potential: ® = -PV

Diverges at Critical Point (Opalescence)

3(N)
o

E= 3 "Zy, z=€, ®=—kgTInE=—-PV, 0} =ksT(
N=0

6 v: T SIS =S 3 St RN, NG = exp(B) G2 STONIL STLBIEATNTOIT T2l ST5HFS Beft TG S-S0 |

@Ife @TeTRE @i 9537l o ARt e oiot [ F20e sARTeTe Tt W At (ged I A | g afon st I afem—

TR 51 Gre FrerigmbieEs Rgae, a0e Rraaif{ea ey Qe SR, K623 $o8 o5 @ AT NLFE 7 AREeT—as STe
SIS 06 (XA *Ifes 93z T4 TSR FIETSI -2 ]S #10 | G2 0T SPS IFIFIYENE OfGFei IF1451 Face (o S2ens e wifeia Fem
foamre sifmie s IRy FRTETT A= TSI AT FICAIH1eT G=er=et (Grand Canonical Ensemble) |

&3S SEIF @ gt o9 (Chemical Potential)

V Qe @36 Soisa] fRIasel 1 I, W 962 N Siosal T @R AT Req mu (e @F e sititas e =ifes @ e [fasm wacg | e [
S5yl RifeRd, QAT (16 *F Ejeppior = E + Er 938 GIB 39 R4 Nyearror = N + N &7 |

ToRITEIHTS 53 IV 1245 B 932 §-O (FRIBI MO0 (& Eyy ;) 1= FERA Py ; TR ST NECGRIEO0 R4S ANFATO:
P_{N, i} propto Omega_R(E_{text{tot}} &#8211; E_{N, i}, N_{text{tot}} &#8211; N) = expleft( frac{S_RHk_B} right)
& @ TVl AL5| ST MCHATH SAKITAT GG (5211 I g Face sives T

S_R approx S_R(E_{text{tot}}, N_{text{tot}}) &#8211; E_{N, i} left( frac{partial S_RHpartial E_R} right) &#8211; N left( frac{partial S_R}
{partial N_R} right)

siofefimsa cNfess ww=e dS = frac{1}{T} dE + frac{PHT} dV &#8211; frac{muH T} dN (& &5l S (partial Sy /partial Ng) = —mu/T | &3 T
TS FICAINFIA FIRA| 504 w2 wifs & e

P_{N, i} propto expleft( -frac{E_{N, i} &#8211; mu N}{k_B T} right) = er{-beta(E_{N, i} &#8211; mu N)} = zAN e/{-beta E_{N, i}}
QU zequive’ ™ - Ia1 23 TS (Fugacity )—T1 SH9 (A FNGTER SAIIEIT FO6 WA G5 91N SI9{sTor AAfsnsr |

TS AT T2 @ &TS PTHARI

TR (DIFACE ORI FACS A Fef ol 72l Nin0, 1,2, dots, in fty G2 I (BN NSGIHLHK @9 THE 7T sem T11 et Ficii~se
NI T (X7):
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Xi(T, V, mu) = sum_{N=0}/{infty} sum_{i} er{-beta(E_{N, i} &#8211; mu N)} = sum_{N=0}infty} zAN Z_N(T, V)
I SIAofSRIR AT 93 TR Frow F TGS 4 20 &AFS TGRS Phi (FISS Y& #i&5):

Phi(T, V, mu) =-k BTIn Xi = U &#8211; TS &#8211; mu N

Ry G Slofsror otk U &#8211; TS &#8211; mu N = -PV, ©ff QN 18 4F Sgesjd @ buFan THFaet:
Phi = —PVimpliesPV = kgTinXi
BI%t 8 WESTHE @eTweT SIS Al SNfG#I AT w1 Nfmesa !
Foll AR RS @ Ao FrFwaere]
AT TR mu-a3 CTF X 4-93 eT1fami N I575eT e 18 T4 7451 langle Nrangle 932 T TR SUF-10t71 B4 sigmal, e TH:

sigma_NA2 = langle NA2 rangle &#8211; langle N rangle”2 = k_B T left(frac{partial langle N rangle {partial mu}right) {T, V}

WIASTEE ToF e d@ 93 o [ppfor Tleaalbee samfs e Jene Aesoeel (Isothermal Compressibility) kappar =
—fraclV (partialV /partial P)p-a3 3 I < TR

f7'acsigma?vlangleNrangle2 = frackpTV kappar

G2 FATAD Olfge SRR @ Sy @ifisE | @b asie S @ Fo-oRseg MR wfers s eSmm St oM qfEs A wHeE AR
SRS | SIRe S kappar-a3 N SToTE I AP 9 T OO (5102 TS 1 | 5@ It mIc $a-513191 Afhfes (Critical Point) SRiFGa=eTo]
AR e «1f® =2 (kappartoinfty) |

13 SFYZCS T TG SIIN IS RHAIF 20 STH (T O oIS ST SHHOATHF I SFI LK FCF | e FOY SFAD SAARI NS SRS [ogfars Fed
2518, JLEF NCO| AWl @ TFR 20 SN el 27 {Fiowsiet woiitatesrst (Critical Opalescence) | PROK a5s FICAIFE SIS M50 sAfgoesifae
TeIfms] SICE SIS el RS s FoeEs AR aFge @ |

SECH*A: N2, *NET (2026) | "SF e R — S ST ITO79e, IO [ @ 91 [F@rz" | Aforesyface e @ oo, 46 v |
https.//shakilmahmud.com/bn/statistical-mechanics-and-thermodynamics-part-8-grand-canonical-ensemble-chemical-potential-bn/
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PART 09 - QUANTUM STATISTICAL ENSEMBLES & DENSITY MATRICES SHAKIL MAHMUD EDITORIAL » THERM-101

The Mixed Sta antum Density Matrices & von Neumann Entropy
um ure vs A

eum uantum Coherence

Density Operator Matrix Structure: Populations vs Phase Coherences

DESSITMATRIX NI Purity & von Neumann Entropy

pu (coh) | PURE STATE |

TH(§™) =1, SN = -k B Tr(gIn §) = 0

STATISTICAL MIXED STATE:
TH(§") <1, SN =k_BInd_eff >0

Sw =~k THOIO), n%0 = [A,0]

foq »: @B SOIE NG A5, @AM FVT FHTBTT TSI AN @ FNI (BIAIIN (P (SIS W71 (AT T2

s “feife el s oel et fies Sressiente: afsfh siamiaa e sgM © 9 e Aee 50206 B AT o WNTE ACF SIS 2 |
G (FRIBIN oIS ATl TIETS 8 (N | 9FB WIHNF Foll @8 A GFIfEF TR SoAfIoet= (quantum superposition) AFCS A, Fg
T4 @5 G MITGECRIBIF 19 2ARTITIT TN AT, ST (FIRIB (FCSTE T I(FObIG 78 0 FIOTHIIT ABIRAIT 2IfF 27 | 5529 A oA sifvoiin om
o fewE @Rk ifere smfm @@ Mree @M A TR 93 AfaaE s e efss sEe: it witw og (Density Matrix

Formalism) |

g 7o T ifaore e ey wn

onfers (@RIOM (Ife «b [ies I BERD ¢ 93 G%6 (939 |psirangle @R & 4 T, S @ T [{wm Wl (Pure State) | QI
I AN WAIE hat A-97 &5If*e A langlehat Arangle = langlepsi|hat A|psirangle | 5@ S19t g5z wiwal g sifv oo™ qrargfa 23
TS YO TS (FRIBIN Af6Tel, <2 TS T 5 @ o g eEs 00E © 7 TR s s et |

3 T, TG p; TBRAE |psi;rangle TIZE AP TSR ICACE | T4 hat A-9F 1% N ZAR FACS T S TG ATIFAE GF (6 G35 (AT AAEEE
ARG FE, T I (G0 A6 (hatrho):

hatrho = sum;p;|psi;ranglelanglepsi;|

LRI SCIIe (@IS0 AT W25 (B (trace) &z T (] (ST AR 217G N+ Fme sinew T

langlehat Arangle = operatornameT'r (hatrhohatA)

et sifgeera snfafess cafres

&fsfb a7 (TG i ol werenay nfafes =6 i v

1. YRR &S5 hatrholagger = hatrho, T Fif¥6e S G SIRCANINGTE] 7] ABT FLL |
2. CGUAT OF<F WI=: operatornameT'r(hatrho) = sum;p; = 1, [ (15 TR freve ek 37 |
3. {IGF CITN-CORFNBTT: I (66 (2R O langlephi|hatrho|phiranglegel |
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4. Ryl MAITS: operatornameTr(hatrho®)lel | 7% 5z Fds Rws SI<gE A, ©WE (@< operatornameT'r(hatrho®) = 1 27 | (LI &
LRI EACT RUE R D INEOE S|

= QT (@i e T SoAMASE rho,, Wi T afel =fewta T e FISEre s8R (populations), W -FNT SAMNSTEA! 70, (
nnem) 7t 03 [ifeq @RI Blaw TR (Fer 5TOBE (quantum coherences) | SIAE RETFTRETTR FRCE G2 W-FNT SAMNBTA| TS 2ITT5 0 T3 |

o feMItag oifs FRFaet @ o e @gfot

(s TG (ATF T (SAIE TATAG L Pl Afs effSeifivs =31, T =1l 27 o Mo wRiwae (Fefed Sstoitme (FImrBIN 91):
thbar fracpartialhatrhopartialt = [hatH , hatrho|

ST IR (GG SAEHF AL ACHTF ¥ ACF (partialhatrho/partialt = 0), T [hat H, hatrho] = 0 | SICHIE G070 43 Fo Arorm:

—betahatH —betahat H )

hatrhoieztcanonical = fraclZe ,quadZ = operatornameTr(e

9B RGN oA 2sIfE IEE e S 915 1 RKeee sifaser sare o Sewye efod) S Ry @ ErB @B TTwae:
Stexton = —kpoperatornameT'r(hatrholnhatrho)

I ey we S Py G N NS %715 (S, = 0); R d-NIGTE FZEARIG oS 751 Reeyeget S virey @1 S WG Sy = kplnd | &9 NOSHICRR
T[S 40 (BN =A@ wistaifeimy @< wfioems org #ifers =

¢
STECGI: 2T, AT (2026) | " TG 7] — (GG TG @ T G5 GG | AT fe ey @ erarfefan, 9@ & | https://shakilmahmud.com/bn/statistical-

mechanics-and-thermodynamics-part-9-quantum-density-matrices-von-neumann-entropy-bn/
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PART 10 - BOSE-EINSTEIN STATISTICS & CONDENSATION SHAKIL MAHMUD EDITORIAL - THERM-101

Symmetric Identical Particles: Bose-Einstein Condensation & Superfluidity

bert Einstein: Macro:

The Bose-Einstein Condensation Spike & Ground-State Population No(T)

No/N

No=N [1- (T/T_c)*{3/2}]

\_‘

T=Te

1 _ 27k n

=—— T.= S
eBea—w) —1° "7 mhky (§(3/2)) ’

e No=N[1-(T/T)*?

6 So: [@oFT1eT SIINIGIR ATE @7 QURTEIZA TAIOAA ] ST QBT NI F 46 T T 972 TN g T @IHT!

b %8 T G W0 BI<F R fmsretce omrRiee Res @ o2ee WEiors Sros@H1 99 A Qb SEBRE 436 F20E FiS NR@aog s | 39
@I FTE SRR og =R 7 FCER T3 TG 4R 1] 7507 N AEF F0IG [0 q effooive Fcafeee, @2 o e wage @
ST91ef STSHCISN FoAR O J1F RIATT 9107 FCE | ABAIBIE G2 IR (F2RE @y SIeFAFe JATs 2I1ta | f$fH frer aft e srm e@m F@ Zeitschrif
fiir Physik St SFICAR A1 FE G3R IF 2 AFOCS AR I (AT SIS AR SN0 TN FCE | AR G T2 S T GF sty srey: wifs-
Areet i@ @IS @IS o= el fFiery w7 el 2R @b 93 MR (FEFGIN S0 GRGS 20X AET—IIF A1 (@IA-S1379618 g=red= (Bose-Einstein
Condensation) |

(FIFBIN STSHCIeNTS] @ I 2Afae s

foarre omrfm 4fs wifen Fema g e o 4@ Sem F1 (TAe (PRGN (N TSR AfeoTel ToT FRCT @53 4T FeNGTA| T4
ITSHCIN | (TAI FAF T s4ef12271 (S = 0,9, 2, dots), S I T (A (BoSoNs) | [T 2-3| S57 HIH 3 FIIDGCR ACATF F93ef AfSorar:

psi(dots, mathbfr;, dots, mathbfry, dots) = +psi(dots, mathbfry, dots, mathbfr;, dots)

A (TGN Bl FOBTEA (@I ARFCS HARE S ST (I a1l 1) AR, &3S AT Biea s -l =feswraa werwe R @ om:
Xi_{text{Bose}} = prod_{k} frac{1H{1 &#8211; e*{-beta(epsilon_k &#8211; mu)}}
@3 4115 TSN ReTF Ty AR etae Wi Jw Feifde 2 mule0 | O B (AT SA1ST T RIS (QIA-SNITIBIE I6 ANl

bar{n} k = frac{1H{e{beta(epsilon_k &#8211; mu)} &#8211; 1}

e afasl @ s sreral

TG Tl 7225l N R F0e il of S 90 Ny 3R Srefore BiEe FOMCEF ARl Fi | SI9NIal Z9 (91te AT Folfdis 2 = ebetomu s s sifgs
2to1-4 (PRI | @2 FHRrs Srefere BRE Ao T @l ST5e 203 T—SF W 931 Afefies Fo/18 4o FH0S 2/ 1!

(TSI B (LB F5ferel TC5, It o1l T i oroisial (T,.):
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T, = frac2;m'hba'rkajgleft(fracN/Vzeta(3/2)m’ght)z/3

ST Wy S ST lambdagesun = sqrtfrac2pihbar®mkpT-43 ARITTF AT 15 FAC (] T TU SFNYSTEA SIH0AE S ARFIES 7a0ed (60T 9
2 AF THRE (GG A (nlambda?,,,, ge.90R), S22 I3 TSI &7 T |

TICHITHIAT BN (HITRCTS
T3 5 SifSfie ST oIe), (RGN (AT @3 @vIs fRIest SIfa <15 Sataeeid st (epsilony = 0) sifes =
frac{N_O(T)HN} =1 &#8211; left(frac{THT_c}right)*{3/2}

93 V| TSRS (OTRC PRI ST NI (0| I ST = F—afb 96 (@< (@Irom sifime it =fests | aige w<gm @i @i F8 oy a3
SR G5 9 TICHICHHF S5 S QI FCF, T A O (3 %775 ezl JoARFHEH @ @RFBIN g |

$55¢ M AT BT @ FIe GBI (O MoaAeas Yfesa AR FRAGAN FRNYE NG 590 TCACTEAS SIANGR T LA @A [z @I
IZAIBIZ TG (O FCR 200 A (IS AT S FE | TSI I @ WIZABIRCR (372 FfeleT Sfamaidll Awaenfod AN e FHof 1% A |

G M2, AN (2026) | "2 SfSwy o0 — ([IT-QZTBIZT AT 8 FRIGIT G | A7y ety @ erspafefan, 1@ so | https;/shakilmahmud.com/bn/statistical-

mechanics-and-thermodynamics-part-10-bose-einstein-statistics-condensation-bn/
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PART 11 + FERMI-DIRAC STATISTICS & DEGENERACY PRESSURE SHAKIL MAHMUD EDITORIAL - THERM-101

Seas, Degeneracy Pressure & Quantum Solids

 Chandrasekhar Limit

Pauli Degeneracy Pressure Holds White Dwarfs

/3

n(e) =

o,
& = ﬂ(?urn)m. Pyeg o n°

1
Al +1°

o 05: P11 191 B, OITIT Rgrfod w1 972 oS if (3117 It AT 5191 18 I |
SRl T (PRGN Teited STIfeE TPl T TR T @568 O3S SRS TAIge 20O SIARI, S SINE-El 20l 53 - Frogaal Fo—md
FHCe @3 TRRCIF S FIHCN W AR | SAFG, (26, G @ (FRRE—HTI TG TB G2 NS SAMTTHAR o0 20 Fef-syefsiz2sl (S =
5/2,0/3,dots) | $5%¢ e ARHA Al Tz A% o AfeTTE TS NS (TN T @B AT (I 5o ZEFGGT FACZ 53 (RGN

TRER ARFCS A 7| A 727 G- T @ o1 fEare @3 Aot sifamraniiae v et w@w | 3 e Sgike Jafb w45 w0 4g @ [ye 2=,
FE I (BT @ TP T4 TR A, G2 T THQYE (F * &0 T2IFNT oo (@14 T Beas A |

IArefeie SIoRE e @ Ff-feais sfssrean=

F-s}of51225 PR wIffame (Y o935 S T BHIREE ST S5)f welf$s™ (anti-symmetric) 2o J1%5:
psi(dots, mathbfr;,dots, mathbfry,dots) = —psi(dots, mathbfry, dots, mathbfr;, dots)

Tt gfS T 292 9F3 FEFBN VI 74A FACS BIFS, O psi = —psiimpliespsiequiv) TO—I| TS | T (TCHIC! (FRFBIN B Fofl AFF TRLF (A
B =S A

niin0, 1

G AL BT FIHT (A GF Tt Fetel QR0 W0 [F231e FIN-F1w 356+ TRDa:

bar{n}(epsilon) = frac{1 H{e {beta(epsilon &#8211; mu)} + 1}

I 1o @ ot %=1 Srorsial

PN A S (Tto0) FIf-Ea1s Twaeb @i 4 «IRIe o sorwia (step function) w9t ¥

lim_{T to 0} bar{n}(epsilon) = begin{cases} 1 &amp; epsilon epsilon_F end{cases}
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T =& (epsilony) =R &S BN @ 5% @b T FERG @41 915 A, WK 97 SATII T B AL =947 375 | SAET AT G2 91 SIS I 2
FIfSf STIsiF (Fermi Sea), T17 HwI€ @&t &7 =0 Fifil 9% (Fermi Surface):

epsilonp = frachbar*2m(3pi’n)*/?

ST gd (FLa ETFGAT Ty 98 @ (¥ oltd SifE Siomral #WeR Tr = epsilong /kpapproztro, 000, text K elvin! Tfle T Sivm@Tee gd #ifid)
STATHSTA| S N 2[5 SIATGIR TS| 5 (BN ALTHRS T SLZI FC |

CIIATHES RGN @ SEARFS SIALIF Fel
HIY(F Te T DarTe M siiara i @ afslb JERGT frac32kpT ©19 (e T, T 0 4G SIS o] 201 K11 | 5@ I3 ©f 16 1 |

RIBI AR 97 72575 STAMo FF: HI AR ISR RGNS Sl (e FICS AT 71 IR S SR SATEE NS (FIB B 20O Af!
REIE I TS SN UF| SCARGASTEAIR AN AT #I & arzet FICS A | Ses (TS @1 FE (7 SCASHER WA S19t Siorarg Auigsifoss:

C}f,emle‘proptoT

T 5 SN BT SHITTE (5T &R 900 B FH—AR O TG Fenrmierd e fgeeld et =9 |

SHR® B9 & SHAA AWl

PN # SIFNI@Te FIET Fenetal B 2 A A | orSfaw e i e’ Bta (@ ket @b F ARFCS AT T wifesd W SR e AEFGISTAR (G0
o5 At toft = | @2 #5-7 sifenfes (I o (1 @ sas i SRrB b9t SIS bist (Degeneracy Pressure):

Pteztdegproptons/a

TN 0 TS| THFQSTH| T4 G AfGT 19 T (0, ©U S TIFAY ASAE G2 ERGT AHS 51913 04 (M R TG ¢S I (White
Dwarf) i @1 it 723 Bt 2 |

5590 A NG ST I%F INCT TSI (THISRIA JEelTH SHTNT WARER FE (T TH@A0 TG AR ITCE JEARGASE ST SOTS FH0S ©F F0F, T T
5191 ST Ppropton®/3-Q (01 WG | e THLa o 7 J0HT O $.88 ST (@1 27 (5HeeIe [isll), O ARG ATHRS b1 NS W 40 TS A 1 |
TG WS TFHo© 20 NOG @ 541 T @I oifdere 27 | Aefeig Woe N3 7o Toier FRRTI oMl geIrsT WRBTge TR |

G T2, AT (2026) | AT AT BIeT — -1 AT @ Qwize 519" | FifFore i el @ erspafefan, ¥ ss | https://shakilmahmud.com/bn/statistical-

mechanics-and-thermodynamics-part-11-fermi-dirac-statistics-degeneracy-pressure-bn/
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PART 12 + LANDAU THEORY OF PHASE TRANSITIONS SHAKIL MAHMUD EDITORIAL - THERM-101

Symmetry Breaking: Landau Order Parameters & Spontaneous Magnetization

Lev Landau ons, Cri fexican Hat Potential

Landau Free Energy f(m) & Spontaneous Symmetry Breaking
(m)
T < T_c (Broken Symmetry)

T>T_c (Symmetric)

Unstable m=0

b :
fm,T)=f, + g(T —Tom* + Z’”ﬁ —hm, my (T, —T)"?

f6a 5% TITE & A QI (), T OIANIGIT ST 98 [NRIT, (U N5 OINIGI F0LS AN STo7d FTI |

3 P0G 0o sifRere e, aifers (==l S1el 20 gEee @9t (e, ieal Frifie wmnde o tagsfes @y 2ificy wifesfza@ (superconductor)-cs sifiers

2ET—IMITLT G2 HHAF @ BRI FoRAS el 28 W1l T (Phase Transition) | S omiieatag 7izre ot @ o=@ e i1 s
FINEOIT 72l el @ FIFATCIN5, TG FETHA SO 71| FHATSCHH YOS (@l MG 2918 SR e «1fTe 2 3 AR # A0 e T | vo 0 A
orferas sifgss smifam @7 nfotmifon mres afsstns enfNfes areR esk fofe S 51 167 FUR 9T PATFR TR oF S FE: TMISS T Fgq o
(Landau Mean Field Theory) |

QTECFCoT 7o FoTae cafeifIesior

forrTe o1 o7 Q@b Jo *Ifers I7FecTa fofers il Foiea 32 oitsl Rive S
o AUA-TQE TG B Y& =feq N WA I7FAT—aFH S = —(partial G /partialT)p @R &FSH V = (partialG /partial P)p-(S SIFHAF
IR 2 = | T QT Jol9 (L = T DeltaS) @ T0ed /6 qB | I8 51CeT /17 2631 31 911 F6 1= 263 &AW WA 901 |

o YRGS (FOIT-MaN) FAGT: AU /A (I AT ALE A (@I JE0! (73, DeltaS = 0), @ GO Ma” I-em-—orol@s wwel Cp =
—~T(partial®G /partialT?)p 3 (O1F &llfRS] chi AHRYCS SN MR | @R Fi RS GRE SR Qe Hol |

SIS ARG @ Fo37gs @St sy

FIGE GG T (T LI 7l FAB (FA SIS q3<per 1%; @ff g1 e AfSTTNa (Symmetry) SR foie 302 | s Siomi@l 7,-93 891t
95 5 Tsfef ReeeT: WTad oo SRS QraArearer A it B gefq afess e ane | (58 T,.-93 s Fimete woie «3fs fe e wiftes
T FOTPOOIR (12 Yo7 &SIy (oTe (e |

93 ST ST W@l AR TS IS S I WG ARG () T T Siorar frde == A @R FI Sioisiar sy 19 di=el F0:

m = begin{cases} 0 &amp; T &gt; T_c\ pm m_0(T) ne 0 &amp; T &lt; T_c end{cases}

IS V& =Ifes sToTae

SR SRR TG ARG T4 47 F7 (mll1) | IF cFa 71 A Be S efeweng et (mto — m) Y& wfete m-a3 [rens srowE 27
B0 TA:
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f(m, T) = f O(T) + frac{a(T)H{2} m*2 + frac{b {4} m"4 &#8211; h m

IR FIRCe & b &gt; 0 20 7w, @R famie 51291 o(T) SR A7 26w s o #fié S a(T) = a_0(T &#8211; T_c) | «3 [Keq wesrwaiva enififes
o fRTamel S0 oral T

e T &gt; T_c (a &gt; 0): TIFIH GFTo 95 See RN, TR TF 79 m* = 0 1 e Ryt eifestsy vl g =21 |
e T&lt; T_c (a &lt; 0): m = 0 Rfo @b wif%a gor sifdere =0 @3z 92 21t gf Tg 187 Soresl (ofd =0 (TIRe-80e d1 (K3 516 [e3):

m_0(T) = pm sqrt{frac{a_0}Hb}} (T_c &#8211; T)M{1/2}

[REIBCE @I 96 Torerrl (@02 [T =7, TR M5 FO7FSSE pmim 2SI (ST FTS!
p

SGI f&GFsIe 354 (Critical Exponents)

TGS O el FE (@ TMHRa =i [fem (oo 2 e e s o e
1. Sr617 ARG F5F (beta): m_0 propto (T_c &#8211; T)M1/2} implies beta = 1/2 1
2. &lifgsl I5& (garmma): chi = (partial m / partial h) propto | T &#8211; T_c|A{-1} implies gamma =11
3. SIoHIFel FeId T4 (alpha): AHRYCS Ao wltst @36 [ A o4l T alpha = 01

fareralsf Wme @ stge AwEzel

TS g 4 MR @ TR FRINGE 7e Fwens mrg—ade ot BT e esmmE Srorn Fwiee | fSofe Fmemnf ame FEw @ ZaT
GFIN TR Fals F4 T T4 B W@l 517 9 O @ 27 (d &gt; 4) | WNITHR AW ©-NGF GoICe FHRATe A SO 9 oe T (T GO T4
TRl (beta = 1/2) T emfers =7 | faxifas Groes @2 sFSiF ey STHIbe FHCS RTSI(S AIREFS 27 RAIERre=iv a5 o |

v

SR M, AT (2026) | "SI ©5F — 74| TR, N G671 @ FISE G (g ©F" | ARAAE Fen @ eryaifefng, 4 5%/ hitps:/shakilmahmud.com/bn/statistical-
mechanics-and-thermodynamics-part-12-phase-transitions-landau-mean-field-theory-bn/
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PART 13 + 2D ISING MODEL & ONSAGER'S EXACT SOLUTION SHAKIL MAHMUD EDITORIAL - THERM-101

Lattice Magnetism: The 2D Ising Model & Lars Onsager's Tour de Force

Lar 1944): Transfer Matrix, Kramers-Wannier Duality & Critical Singularity

The 2D Square Ising Spin Grid & Onsager Exact Magnetization M(T)

M(
Lattice Spins s_i = 1 7
M - (1- sinh™ 2K)~{1/8}

Specific Heat C_V ~ -In|T - T_c|

T_c=2.269 Jk_B

o _ 2
J  In(1+v2)

%2269, M x(1—sinh™2K)"

foq so: S Tt @Ehe FEeT 51 FIBIF GINEN 932 713 OINIGR STAINEL Yo F08 T BaFRT T To |

b 20 JAICE Gl A1 SRR (Flg O TFCAD T S5 SIZHIE G0 <10 IHNA5| FAKT FACS (1: G ATV Nehiat el 6 Fosgps
§RIY WY FACS AE? o3¢ A W3R @F-Tfas DT @3 Mreei Mdoena TR FE @32 T 20T (TS AR (@ S=[ 25 SIN@s S &Il
SIN@ATSE ATS (FICI Wl FoRF T 1 (T, = 0) | AROR TR Fats SEH (@ @8 NS FUCAR (@I TAes gy el FACQ 1 | & 53 7¥IF 40
RGN [0 712#17 Cofe 2rfem @ oo a@ifns 20e] TR AV 1l FoIR 5125 FACS T 7 | [5G 5588 A TASTHGII-SICH R I 1]
TR fa-wifas SRR Mot o ST s sifafss s e S R 99 S@ o |

HIafTL NCoteT BiNcenIEe @ ofE Fyel

1R et @3 oo afels [Reqre «<fG TR 70 6@ spin+-1, —1 &1 =, 9 SRR 71 {FYA I fersis o 30 | Asif gfb s s 39 J
&gt; 0 @R AfF (I F@ b 20 BN Hom:

H(mathbf{s}) = -] sum_{langle i, jrangle} s is j &#8211; h sum_{i=1}"Ns_i

% @R 2times2 GrTEE WG (Transfer Matrix) om&feq SRy 25+ wem 551l RUaeraFe SWKH & = Z, ) = lambda + lambda® |
(ARG SN lambda.. T GG SI@R] 7ol T € S5, 12 Al sffefes Pisanffs tofd vew 7187 T3 | Foers FRe *Reits 97 (ofe e 145l
FE: OF NG R e oiets [ing =fe DeltaE = 2J #sta1e @B ACE DeltaS = kplnN TR | F9 72 Ntoin fty = Y& =Ifes Delta F = 2]
&#8211; k B T In N &lt; 0 T TR, e AN S T2 15-Hfa BT 2&a (Sre 4femiie 20 919 |

Praes Ife © wis-eniwe tgee!

550 T PRI efsiel FER (F fo-viar F sremar Agil prey e A | [9le FHEe SIeaE Siem Face (3 S cofi 28 orF #ffifd L 20 “fes

= DeltaE = 2JL | (A=Y L T SI-% G (oA SR 7451 ¢! R AT, SR 7 oviwiant I *Ifea sfieea 4@ a1E (Delta F &gt; 0), T Fo5gs
PEFQLE T B |

5585 A (G @A G2 el eafame wifkme e ws-emfame (el (Kramers-Wannier Duality) | SR (74 (3 6 SI9Iaid B-Nifas 9wl
I 232 o Sroa 0ae BT ST | 92 2SSy (AT SR I TR ST = FC2 4 S STom@ W= el FE:

sinhleft(frac2JkpT,right) = limplies frackgT,J = frac2ln(1l + sqrt2)approz RvaSb¢
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Shakil QS%%WM&H-MHD . RESEARwI MONO?RAPH
STANTER FYS L (5588)

Rz = oA sNffeE ARt werew Gl SIS B9 S AR TN =75 A CHC@ TAN BT Ty GIoTerid HGHCE IS SATSAR N A
T NG BT Yo o Sy wea:

-beta f = In(2 cosh 2K) + frac{1H{2pi} int_{0}{pi} Inleft[ frac{1}{2}eft( 1 + sqrt{1 &#8211; kappa’2 sin’2 theta} right) right] dtheta
(AT 5% SN kappa = 1 20T $AFERI TR e Sspenffs toff = | eoitolg esier St @ saRmre sl oot ststifamfass 2rea ersten 1 2=
C_V sim &#8211; frac{2 k_B}{pi} left(frac{2J{k_B T_c}right)"2 In|T &#8211; T c|
5@ ICE 51, 4. BA1R A SioTars Ao Fos s paaRcs Mo 91 (79 T
M(T) = left[ 1 &#8211; sinhA{-4}left(frac{2]{k_B T}right) right]*{1/8} propto (T_c &#8211; T)"{1/8}
QU THBHA FoF beta = 5/b = 0.53¢—3 TGS WA (beta = 5/ = 0.Q) (5TH F54ef AW | ST G2 TN SIS AT T (T 5T

SR JZTS MDATS 21T (FFq TG (ST 9TT G T T9YF T2 (A2 eFOTS W I ICHIHT FoATSRE & 2 |

SECGH: S, T (2026) | "G pre — S @ 5wt @ 7 @iacEE o A | AR e ik @ erafefns, 4 so | https:/shakilmahmud.com/bn/statistical-
mechanics-and-thermodynamics-part-13-2d-ising-model-onsager-exact-solution-bn/
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PART 14 - RENORMALIZATION GROUP & CRITICAL UNIVERSALITY SHAKIL MAHMUD EDITORIAL - THERM-101

The Scale Invariance of Nature: Block Spins, Fixed Points & Wilson's RG

o sor Flow Traj s

Kadanoff Block-Spin Transformation & Wilson RG Parameter Flow

Coarse-Graining Block b=2

K =0 (T=o0)

me Critical Exponents

Ry:K- K, EK)=

£K)
=

lim R"(K*) = K* = Universality
n—oo

57 58: BIHI7E J- I FANTT 93¢ [BIoBTIT RPETS: AIHI BITANCT B2l SeTHI 175 7 355 SATE og )

5Y0-93 TS ©if g ARG (%l I WA 9F S AR YR 2R | QAR YRS 7ol FGEH A — oS O, (G1FF FWF 3 &ed

fRete—@fRitemm o s e 4k = (zitoinfty) | @3 STEYECS *RNIGR Se-Fu WYIHE F5 (50°° FBR) W w*F CIHHNoR =FER
RIleT SFCer T aFIge 2 T | T ebfere Mo sgetel el wvel 201 e | g Reemite T @ S FEiRe @ wopef foq @i s15t= b
T[T T T2 ARG e R Foe1 (IR "Fod— Ao 292 93 9N 5 (critical exponents) &7 S @2 5595 e SRS owrfm
(@R TIAI REIAISTe™I a5of (Renormalization Group 3 RG) STgd ST 2 I20M T Fa~—3 Avifeaicae 2fsamis foaeca awe frcfes |

FIMNCTT FS-T 419l

55LY T 78 FMT @l T Mo omafeq e T | b IBF ABET Ao FRSET btimesb WFET TF [oe 41 T | &S Fewa
fties! o @t T2 0 R, O Al 75661 o 936 TgT RGP s&#8217;_1 = pm 1 ez s =

s&#8217;_1 = operatorname{sign }left( sum_{i in text{Block } I} s_i right)

Y FECEA Giioe @SMINIGTEIS AN R 303 e @3 581 a3fb Tgw Fiws NafEm &9s K&#8217;-a Fivirefze w4l r:
K&#8217; = mathcal{R}_b(K)

TG A b @ TRFHS 4 FCACE, ©I2 (FIRCETT Oy FoSF 201 xi(K&#8217;) = xi(K) / b & Sgaifht | 7 Sioiar (ifem= s @ (2 = infty) |
SN b MG 1ol FACENS BTN ACF | T IAHLH[G oTS [ATRNARCS eRCod G310 P #itars (Fixed Point):

K* = mathcal Ry(K*)

IfCeBIfES ot STt sifeA e aqrm

(A BIAT FHICRA €3 HIFEE O =113 oA EF $rg TT© I | B NG R T B2 FNE FSIRF HINCEBIHCTE 9F TAN-7G Bieay @i
o2 A6 S0 | RFHS 91T mathceal H*-93 FIRFIR G2 ARACEF SRS (b)) wafess s MfEmis b cifts @ifics ew s:

1. &3 @WoMtaba (Relevant Operators, y_i &gt; 0): (% IT F419 AV AN AT SO T I oI | @1 IS RFoS 2ATTB (ACF 1 (0 0 |
O FREE Ol Sl t = (T &#8211; T_c)/T_c &R RIS (G ¢Fq h 20 9FNG 55 I 567 |
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. M *R M
shakil MR UG e s TER TSI GPEAH

2. QTS @WoAEsa (Irrelevant Operators, y_i &lt; 0): (% I8 29T A A QR AOR S0 0 A0 S 11 | sizmneg s anspfs, amfbom
T @i @3 Gie Ao a4 oy wrfer a7 Yoz e ol

3. &ifgs weiitaba (Marginal Operators, y; = 0): & NIGR G NI ARG A |
Seiele (Universality) siifafes sieifeey

T @3 112 foq (ATRR 51l oihem T FGIweld (Universality) | (I02g QM3 IoRGa@0e FE0ed AR <05 K 20 71, o2 @1 @i fo fon
AN T (1T S 2T 92 [T ATICHS T2IPR I Afow =7 |

93 T Y& #fesa Jaft Q5w @ T ot (T A S ferbsiat 7o (e 5o Rt e fFde 3@ 21t sial d @3z T6= o=ifbeas efssss n:
alpha = 2 &#8211; frac{d {y_t}, quad beta = frac{d &#8211; y_hHy_t}, quad gamma = frac{2 y_h &#8211; dHy_t}
SfRHRATS A O 5 (= 6231 Fo (TR pFF—CoEd B Wl 0 (d = 3) 9R TER HRIMNGR qFwfaF @R (n = 1) | OR oFfe oo 5 IF /2

933 {FHHE I5F (betaappror0.93Y, gammaapprord.20Q) AV FICS | O3 WREFNT SRATHT T Sdbs A (FAY G2 (KA TR O & |
TS eflel TR (@ AFFC (7 SIF AIAFAE TibeTol @RS (FCa OF Yo Fa-Sfivet T2 offFers =7 |

SIZCHH: N2, T (2026) | "APOT (BT @loeT0] — I~ FTTAAZCGTH 25 @ SITocores Ry oicas” | AfFo7e il Jerfam] @ eropafefan, 4@ 58 1

https://shakilmahmud.com/bn/statistical-mechanics-and-thermodynamics-part-14-renormalization-group-wilson-fixed-points-bn/
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PART 15 - BROWNIAN MOTION & FLUCTUATION-DISSIPATION SHAKIL MAHMUD EDITORIAL - THERM-101

Random Walks & Viscous Drag: The tein Relation & Langevin Dynamics

Albert Einstein (1905), Paul Lal sipal

Brownian Particle Random Walk & Langevin Velocity Autocorrelation
0)v(t)
Solvent Molecule Impacts (Random Walk)
V(0)¥(t)) = (k_B T /m) e~(-ytjm}

EINSTEIN RELATION
D=k BT/y=k_BT/(6mnr)

m =y E@), (EQEC) = 2yksTOG—1), D=

ksT
di 12

o d¢: FEFT GEETOTE! SN 972 TG et 3 ST (Y[R NIl SIPANT JISFIG IRAIGA FPIERRAIT- [SIAAIA TGS |

bsq JCE Hio! Efgniieal 516 @6 #Nfce S Clarkia pulchella $f6wa oRIEe SR g Mea ot Fafece | o efge zoa o Fatm @

A (TeF RIPIEY (WS fFiofe afegr FeeE R 8 79 QEIEeE fGsenisl sfete 206 @UiR | G187 [ ee FERiE (1 98 NS @Il
SGifte gl ;[ AT WG 71 41 92 Faeq oifSq @i (She 51l Pivew T | 950 ¢ A O [HU5Ts S I Wels WBP0I3 SO s Feaw (T o~
1S3 20| ST AT FACGT SIFIBT ASFF AN | FFISICS 9fe AT M (A o0g elfefde = Wiy smriReame 3 oe ¥8: FiegrEei-feSems
Toroimy (Fluctuation-Dissipation Theorem) |

SIRABIRCAH QCEAICCE] sifooi @ fmgaet siwae

IR Freaw At Kvgaet A FERFS=IT 72 (A RTerae S0 | tau Tw I &b ol ATATEASIE Delta MEg WOGW F0F | FSREA g rho(, t)-F
(B3R AR RG© A STB1RA I GRS el elfeoma S

fracpartialrhopartialt = D fracpartial*rhopartialz?, quadD = fraclangleDelta’rangle2tau

foarre IR @ TN TGS (zproptot) S ATAINCE| ALECH FIACY IS FAIF 91G I9f 7o (Mean Square Displacement) SNt
cafiFeIm e o

langlex® (t)rangle = 2Dt

TNBAIBIN FHAE: AH 1] @ SN (HIeAIRCAS et

fEfRFE*A 2ol D-&F Aol 5o A g& Fa0e WEADIE AFSHI CFL@ F AIRE RIIo S0 | Aerord F0 SR feoa st ofecast v = F/gamma
(@A gamma = pietar TEA COIFER el AZ9) | AVRET F5a ME T oo @R @oi@g s ot fRFe= o=t SRy anie 30 |
@AEBETIICR FCACAGE AT AL G Q| e WIBFI13 I @SR 7oikfG eifed) weam:

D = frackpTgamma = fracRT N (6pietar)
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QU Ny TCE SHTSINCG! TR | 550b A FAIDT [e@lal & (o1 @2 ANFe IR2F IR SERF A 6 3919 oS oest Fgerer swieersitg 54y
N sapprozd . brtimesd0) Fefd TR @3 5% TN (IR SFHR 1S FCE | ST IV AW [earenits Haers efsle =1

icgoa I@fiwsl @ CoIFISos TNwae

$50b e 9 LGS FEbTTa S At SRS TR @917 ST T GBS ARNFACIR G O | O T @917 ey oifR=1ore 370 96 ©Its! Siol Fea:
mfracdvdt = —gammav + zi(t)

1. SR A& (—gammav): @t @ FiE afstes 7 7 TR ST Ag T o @3% 5ifS=Ifet et e T |
2. TWIOW e (2i(t)): SR I @IS onfae @weg sk, ws=E 8 Qe LId IwE, [ 91 W *5 (langlexi(t)rangle = 0) |

#If&sa TR A6 (fracl2mlanglevirangle = fracl2kpT) ST I IS &N T (T SN 0 SIe| AN A AR TGS

langle xi(t) xi(t&#8217;) rangle = 2 gamma k B T, delta(t &#8211; t&#8217;)

TG-S Sorotvy
@8 TAFeH2 2 Ryesre FegrEm-fEfSeoms Sototmsa wfi w91 | ST 1251 gamma T 03 «fess @s5w (dissipation), K zi(t) Mk @ @9

@5l (fluctuations) | &3 Sosimy @IS 0 (T @3 4[5 f&F (I o1 T: WG QT SHAIN A ¥, G2 SHIIN| 2| S5 S | Sl Soitsd A 91l
3R TATCHCE| (A JeTo a2 FioffiF STeess 1t «ikesams (7419 |

1

SIECGH: ST, AT (2026) | "CaHAET AfS @ A A8 — JSNT A, FITe S I @ TG-S ATA AT | AT LA Tz @ @ropaf R
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PART 16 + INFORMATION THERMODYNAMICS & LANDAUER'S PRINCIPLE SHAKIL MAHMUD EDITORIAL - THERM-101

Information is Physical: Maxwell's Demon, Szilard's Engine & Landauer's Limit

Rolf LandaL harles Ben lard (1929): Erasure

The Szilard Engine Cycle & Landauer Memory Bit Reset Dissipation

Szilard 1-Molecule Engine Landauer's Bit Erasure Limit

BIT:0 ~—_

RESET: 0

BIT:1 /

Heat Dumped: Q_diss 2k_BTIn2

ASgemon + ASgas 2 0,  Waissipated = kg7 In2  (per bit erased)

foq s&: WHSRIETT ENAT freTS 9 @q G 5@ 932 S RE 01 Y& (peqto ANTEINGTk_B T ln 2 IV OF Q15T M|

b T (O FIF IAMGTHET G5 OF IGS TG TFoel SRR 2 #1640 smfRiea g g 29 S0 (@ifeet | 61 T 96 AQes TR

feuge aafb orewe it A @ B 43 oies ©ist 91 20 | fyrwd Joe 30T @iy 9T e I Sg—retEmeE “few (Demon) | o aiffb ez s
ST B | T A (UCF Teosl R o1 o9 A0, TG naenl Yiat i B-(S ({0 (F; |iF T2 B (UCF q71fSq Moat &) |, St A-(S AR | (&I s Fien
T LR IS AN AN S B AR T@Y G AT A WS ANwet 70 T— SioisifoRmia S Jars T seas 0 | @2 419 T Fh0S R[Sl
S ECoRE ¢ T2, [ mifiea @ w2rergs (Information Theory) ST I SIS (ST (oS FL: O2US IF ST #1772

foaicss ava-o19 & (v5%5)

55%S INTE JHAT *miw fore foes et @ HR-21R T bIoN el F0o NG WA | T SIPNIAR ST T AT (B 2I0g TG 40 95
5157 <8efl FCaCR | fereTrs 2fgib vialb «itst s Fea:

1. (RSTIE Fo: (a7 33 N @36 TR (Hewie TG QBT T 13 Sea ©isf 1 26! |
2. SAfesror: st o 0 SN AN (L) 7 B (R) AR | &F STE5T s o 6 o2y 16 e |
3. TR Fiey Srgget: TS 5t A A, SR TS (WF 96 5 o a1 77 | S5 i ot emifie 2w e aRde S

W = kpTlIn2

4. TIeo6: (rewe wiey =i s<gr feca Trew = |

QYT OF G TI9 WHF (AF $00% WHFSI SN IS 9T 1 201! fEarS JaTe (otafRee (@ fESl @ 7 T340 20 & B O MRATH (R0 TFS
DeltaS gekpln2 *f&=ret @GR 15 (BIFITS 20 |

ATINTIT ToT 41l @ FAFBENCER TS (59 95)

T2 TE ACF RGN N S0 (T WS (A0S B0 AR (o NOHCo A (SfIeod J209) @2 =fF @sime 201 (g sous e SRRati S1@w @0
TGS IF Yo TS STAB FC: [YS (FIIBH afore o3 oAfiwst Fa0e i gFend @ =ifes sty erarem = 1!

GO LI (F *I&F T o5 KB AT 79, 992 2 TR (FeT 9 (Memory Erasure) 308 | 935 @@ amis afsam g sfawie s sest o7
gfoeielq (A At 5 G 927 ($0$ A $1$) Y= cwea @i 275 ($0$) Sz e e =
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0, lzrightarrowtextY(REpeTl0

@3 eff gt el sersss! (logically irreversible) | (o 55 o7 weires afowa weir siigfoe war a3 fierr 35 @59 &5 A DeltaSietmemory =
—kpln2 | TRRCIT (NG @FFF (T0g FHCO A1 1, O3 98 GG ©1of Boora wifeaes fNewst e =

QtemtdissipatedgekBTln2

TIGEINFT ANS: FH] GO TLFTE] Oy A GFNFIV—CTT 5 {95 O Y07 AT Goli— AR FIVT Wieatdiss = kpTIn2 w1 ©751 #fe:
GG 1 LTSI |

QUG TS [GNE PUrs IS (55b2)

$5bs TN WEAQTII ST (@D MG NS ST I MIASTACE (ST oIt A S | fE5+1 (Il #ifes 226 71 I3 qog ifS Woirs g, Frens
WEF TS A | 58 fonra 1w 3 ST G (316 3781 | 5&F T54ef FA0S 70 ot o (el Rt Face 29| @e @ffs {6 w2y yJars foew B
kpTIn2 o9 Afaea fRofe 29— S=fie FIce i 203 RS Jatss Srpal A1d:

DeltaStezttotalgeO

T SR (900, text K) GG {2 T AN 20 2 Atimesd0 ™ textJoules | YT FHEHT Bt I @ (5T & 5000 @ @ =
5 FACAS SIS TMIHAI-CF F1S02 2 SFFo TN YA TR | FISSAF AN 1 T erfere 2rafeet: ©215 @i RS <wrel 73, o5 20 <6 smfm |

G M, AT (2026) | "©A7S G35 &0 A1 — MH ST [, [orems 2fe @ amresana A" | AfFvre e @t @ ereafsan, 1@ s/
https.//shakilmahmud.com/bn/statistical-mechanics-and-thermodynamics-part-16-maxwells-demon-szilard-engine-landauer-principle-bn/
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PART 17 + ONSAGER RECIPROCAL RELATIONS & LINEAR TRANSPORT SHAKIL MAHMUD EDITORIAL - THERM-101

Cross-Coupled Flows: Onsager Reciprocity & Linear Non-Equilibrium Transport
0! elec Reci y

Lars On ): Microscopic Reversibility &

Coupled Thermoelectric Transport & Onsager Reciprocal Symmetry Ly, = Lz,
Coupled Heat & Charge Conduction Onsager Phenomenological Matrix

L+ (Fourier) L. (Seebeck) %
T_Hot

Heat Current J_Q Lz (Peltier) % Lz (Ohm)

Symmetry: Ly, = L, From Time Reversibility

Ji=3L;X;, Lj=Lj; o0=3XJX;>0 (EntropyProduction)
J i

o7 s9: AIIRETHIGE JAT 1 3 BT HIT2A, QI NI ST [ ORIOT (It SFANEL AT WG L, = L, AT &1

e sl arefas ey As-sRafie 71 e AH-Eiter =12 gfege | @3 farme JawE Fisl T =79 <9 @ AFRER Fa 2w A

FRIST FIRIE | | SR Gi7e A7 ¢ g3 eyfies wifvifere zx afiae eites ML SioF &7, (@TgeF bR ALE, IR Ridas
o @R TR SARC FATE | 505 HITe BT 2 I3 T GTHG TR A% @117 Physical Review Gi=ita 5o &= sita=eiioig gl e, =
S fERMIE TLSAS! &R Tote T2MIRe S | eTE SIRER I (@ I3RS A afdm T4 F7F-1Ee S AR [ T, o3 ol 9
R s s Fes S SerfS ez G SAMSTE A= ST |

SIPIoTOIT TeT, 21T 8 GG Se AT

HAHRER IR (56 WeresIs! IS KA T SN A ST SoITE] T I | FIEA (SO0 Sl 5eTehe (IR HILI < (aferars cofd g
{RIET @_IR T T (J;) (TN ©191 &1z mathbfJ, A [aye 81 mathbfJ.) | 2fsl axm sifimiae w0 o ey wmasl srosrsi ae (X, ) 74

o Ol SifqEE s @l X, = — fracnablaTT?
o fuye ofiRmtg Oy q&T: X, = — fracnablaVT
o IR fRORFCeR &5 F&T: X, = —nablaleft(fracmuyTright)

Sl @ W TeeTs! eIz Tmaee QG i T | 2fS @ TEe afe Crs i SeAmTTa 21 (sigma) e 812 8 IR O fG-Cafie I fE:
sigma = sum;J; X;ge0

9B TS| sigmagel e S (T N2RCY GG (7t B2 20O I, FUCHN &2 20 A 1 |

R oifaaas 57i< @ oy MafFe

SRR TR I TASTER T 57 2997 afe e siva I aafh tafis e Rov e w1 T
Ji = sum;L; X

Q4T Ly 20 sAfaaee o=l
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o Ff GAMMSTA L;; foare 3@ oie 33 @xw plaiga ot sifsaifzel 91 eaer Ruye sififzer |
o IR ARG Ly; (inej) ot F0a o7 frafEwl (cross-coupling)— @4t &3 Rwa cafSwrs sw=51f fom @it coto Af@ exg tof !

9T IRCHTT Toge SHRAe 0| ATHBASGIG: SIFNAR AL nablaT (@< S92 AR T 7, O 49 AAFGISENE (3 e (SIEve 1 [Ruye, &g (ofd
F@ (s f& / Seebeck Effect, L.,) | RoAoei 4red s Ruse sl F€cat @l ©ist (6 e Mres A1 $eg @ ot (coiffoma f&sm / Peltier
Effect, L,.) |

GTANTET TSI Sorotiws @ NdtawicH™ fHelRiEs

&I OF #OIA) T ATSHAG S @ (TR T2 gfo ool TR CR1By N FA0 | @ o505 HNE SN FIEHAT IR SRHNT -ty
langlealpha;(0)alpha;(t)rangle = langlealpha;(t)alpha;(0)rangle) T FCI eI S O SR Soteimy:

SN CAIACEIBIET T9/F: 7 SIS 77 X; «7¢ &2 J; GNoled [A<iibe 27 qice @B Geom sigma = sumJ; X; 27, o< afdaz" wGal 5
e aifésr zre ray:

WIS (IS CF@ mathb f B ToifFe Wwa HIME @7 w51 Fiefael $@&=: Lij(mathbfB) = Lji(—mathbfB) |

oieifeRwa vgd @

ST @2 TR Reat @o 181 (3 32 faeeml @t “srisfefima vgy Ja” Rew afeflke s | ot o $@ @ 4o Aoy doRete OF AR
S0 < SIPNIGIR N1 TS TS (SIS (i FACS AN, A0 (SIehe 55 ey e wrer s o5k Fare 1 |

ARG ST A NG T2 91 S5k I AT GIHNACE DA (AT ATHG QW el T | SR @3 @z Ay weresiast sisaifsfmya zefaa
ST e |

SR ST, N (2026) | "I A2 D5 — CaE FTE-IRGS SISl @ SN THE" | ARAIAE Fe s @ ersifern, 4 591
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PART 18 + DISSIPATIVE STRUCTURES & BIFURCATIONS SHAKIL MAHMUD EDITORIAL - THERM-101

Order Out of Chao ive Structures & Non-Equilibrium Self-Organization

lya ) g utocataly

Far-From-Equilibrium Bifurcation & Belousov-Zhabotinsky Spiral Self-Organization

Reaction-Diffusion Chemical Spiral Waves

)

Prigogine: Continuous Entropy Export Sustains Order

d.,
{‘]—f =[ o(x,f)d®x >0, du=DV’u+f(u) = Turing/BZ Patterns

foq oy TWIITELIRTE OIS STt ([FHITHIG SONABT TSI 972 [QEAISTS QN BAEF IS TIAAGIT F03-57e A5 |

ﬁ' ssifefma Sy g = wifk T @ @G wiRas 3fa ot =it ospef oo, e @ oot Jg5a s e (e—eta @3 s=iRee swenfel, T,
Q &z, SRR @ A To| e Javeld 2 e FeR? G ¢ o smifieatag Jrad [Keeta 9 @R [raz? 5540 @ $590-97 7S A EE
ARG (ST T 2feran fRCsiem €9 STt Fef el S CF SRR (TS T2 90 (oIt S i <l &k e J—<a2 el 2 el IR (WS
e '@ *Mitda SRA e[IE IL (HICA| AFFIE G (O, 4 FIE AT (0 P ForPoeiE o (7T (514 x| Foz-v1eaifde Fiewl: fforeoibe
HST (Dissipative Structures) |

AGRER SRR FifEg I o7 wHoes wfFwol

=fis semifsimr fersnfam afsd sriRem sy agie Seovs S9i9ims (Theorem of Minimum Entropy Production): SRR IR <
I A7 AT G TR (AL (T O @ SeAMTHE T T 2 | @3 WRE HIFM0 79w BeAaT— @I (@6Ans) 8amm s wex fifaey B
I QI SR R0 ST |

g 7 A biferml =i & lambda 3% coitm @35 [t 5o S lambda, Sfse™ 07, 947 @RS o A9 (ore wte | fetsifem aaz o6 5T e fask
W ARRST NEw gyeTes-fAsiiem Bty weme efed seEm:

sum_{i} delta J_i, delta X_i &gt; 0 quad (text{fzfeerel})

T4 Sfe 9B SeAMCTT S AereF 20T T (sum delta J i, delta X_i &lt; 0), o2 <2 9 waec AT 91 F-Rere (Bifurcation)
g = | SRS Sfe-F QAT @SMINITE J20S MITHRHINE (e WS TS i IIZIE T3y g @ sif et wof o |

fefsie s 2
ferranfem @2 g o N o fEfsifoe sl (Dissipative Structure) | o 1 AT WCol HIRS FISCNSTE @I =S 46 7 FE2 =S 9

=fo 27 ACS It | e RPiesibe SIS0 20l @vm @ 5ifofe Gias Fo—a1 (e 922 B S TU 7 WA I3F (S Y& *Ifes azel Fea @3 IR
eipd SifwIee @G @eiew (dissipate) S |

G5 @G 2T TR S d;.S @32 AT AM-2W d, S-4 O FAC (AL TR:

dS =d.S + d;S, quadd;Sge0
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Tfre s G Ses Sl & F (d;Sgel), T8 Te 597 IR 9O o sifiier @& fRrwst Fare A (d_e S &lt; 0) (7 OF Ser@are (6 GGiR
ARSI 20T T

|d_e S| &gt; d_i S implies dS &lt; 0

97 T ITER Tl e I ! o @ v 71 309 IR 2@ @I @ b @t e = fr ZREeE Jye Gibaes o (rewl WE 21 |

oo Foe-A2Nowa vl (@i et '@ e el

ffsreafbe T i agfers siia Russ:

* @TEA-ISG #ifsve™ (Rayleigh-Bénard Convection): a3 #iitg e (o @02 76 (0 O fita1 waete o1t *I@en »fifze = | g somar
LA A T (RacapprordAot) 1 2R &It It corera =19 2518 et weas s tofd 07 (Rafie sugeaia 34 @I e 2w 797 T4 o3
T

o @UEIGTO-INAIGAE (BZ) Ridmm: ammfiss Ssivm e fite ol &g 8w qveacs amisl qee oifies 26w e 1ied Wrel sRiagesita @ @ [e s
“5/fS 20O A | ANG BTt ©l Cofd FCF Sesi Fioferm1a gff =5t (spiral waves)—al SEIEH FBRER THCRCSCATAA FHFE I 5T |

GribeTeld TeAl sosifeiwsl

72 *fer) 47 orsisfefma S ot efeq a i Tram Wit 9 Tel—F IS (e TRIREE T4 @ ROW e e e | fesifem @8 pitefHs faew
e o | fefitelbe SSeTe @3 Poreid WiREIE oy fof 559 A I FIRE FFER T IEH | ANRE-IRGe sisifeim g FEfem @ SR,
Sfegw, elffersie @3z WM Tove] (@Il e gebe 77, 392 T=R0E o5 =i ekiTad 8o/ 7 I3 eEl (AT @ 27 9F S5 @ Felfid T2ersifos Foi |

SR S, T (2026) | "R (e /e — 57 TNE-ARge s @ farafenaa fSicafoe @ | sif@ve i @ erefem, 46 sy
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PART 19 + FLUCTUATION THEOREMS & NON-EQUILIBRIUM WORK SHAKIL MAHMUD EDITORIAL - THERM-101

Exact Non-Equilibrium Work: The Jarzynski Equality & Crooks Fluctuation Theorem

Christopher Jarzynski Law from M ns

The Crooks Fluctuation Theorem: Work Distribution Crossing at W = AF

Revers€P_R(- ] Forward P_F(W)

W = AF (Crooks Crossing)

—sw, _ —par  Pr(W)
eP"y=¢ 5 PR(—W)

W — AF
=exp(kE7T)

od S: e ORI RIS WP W = AF 13700 5752l 3 [RAIoq STyt e g @17 45 N @wfay !

T 590 I=F 403 Sl fsig 7@l siea c4miz 41 @ T orrel R efse f&e: langleW ranglege DeltaF | (LRI TIFIE G0

fAfE ST S0 OF SRE (ACE O SR (B T ColTeT T @ eesie] SobCad FIACE 2¥es 518 Fer 7l J& =Ifes AR (5 @f¥ 20 1es |
g amiB 7 50%°% w9 dRermR (@I TR AT & W 2w e @ @ ety @ 9 Bama Wy T @Tora af @sifbse 1 (optical
tweezers) G (BT 21T 20622 WITAETE I 4 @© &7 (F g 5y @ @o)fb Sraoie=g oet (A «if e el Fa G5 21 Ao 0 LI FIeT 6
#f&q (5r38 T = (W &lt; Delta F)! 5559 A ok afomi® &o Jate @<t e afifes swem weires s angfve smifeie wgw [Reawe -1
FEA |

TSI T-2FRATHIN FANTAY (5559)

T SIER ST FAT AT 96 TIEIE lambda(t) ETHRFe SIS WorS e @ el @it siagl A (IS §ui% 9198 B-cs e arew = | et
SR (AF TS HIR2 13 A1 &, feft a5 oo Foare W a6 Ghiifos tid 56—l @b T8I 356 P(W) (N 5 | [FToore enafemi® e
FE O SR P

—betaW —betaDeltaF

leftlanglee rightrangle = e

(T4 Delta F = F_B &#8211; F_A =& @it @ WG TR THFR (@TEF0E T& =6 o112 | Ssaeiba e siwie [ea wa 20 23 Imeies aeace
STHRE-IRGS 57 RN @ TGRS ATAT QHCHATIARIIA 1T, TG SIACH A (I A SHREIR T *Ie!

(T STel @ et Jeaw =er

oiRfemEg @2 sel foare Sl SJrag S Fer Aol AR? QAR SRS f(z) = e * A G5 T€d (convex) SCOFFS | TGel SLHFFFE (G
R25e (e Sorwel (Jensen’s Inequality) 26l langlee™ ranglegee! ™9 X el | grafemfaa IRIACE (SR AT IANET A1S| A:

g betalangleWrangle| ol o filanglee "W rightrangle = e P jmplies — betalangleW ranglele — betaDeltaFimplieslangleW ranglege DeltaF

i@ 9F AR Serifers farre semfeim fash @it e 26 e TS @ @I 58T (e ol 7w; @b 20w ez 6w W e SHwaeR
a5 g ST |
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G FIBREI TSNS (5555)

5558 I ST Go1 Y4 @32 RN S92 MR 9F TS 7o eifeuisy SER T | Y2 e Feed F8[A 3567 U Pp(W) 28 @3 [odeg
eif g e TR i Pr(—W) 20, S- S SIS Wi

frac{P_F(W)H{P_R(-W)} = expleft( frac{W &#8211; Delta F{k_B T} right)

af =0Tl GooT SHIFFCI=F SA9iws (Crooks Fluctuation Theorem) | 4% sisis (74r:

1. 72 ¢ Roifiey? Fired @@l 4o 55 a6 [res s:ts (o F&: @AE W = DeltaF | @3 T G9fbaa oxb iy asfs o @9 aam
B 8 (20 T e e ok I e DeltaF ool el 79 2 |
2. G ST STHIFET FACH T SRS 26 HRIFT (T A |

OIS oesifelansl @ fgsi Jrag g seas

200 AT BTT| TG AT N S 4T GG ATaS S | AAET GG SLAMCAR Ty SFBEET FIPRTHAIT SAINTS ICT:
leftlanglee Peltasisu/ks pightrangle = 1
QI AT (] T (T HOE Ty @ S0 qneT el (Delta s = -zeta &lt; 0) 2al:
fracP(—zeta)P(+zeta) = e >z

935 @3 (@b ToF Ty Fovea oy @G F el 433 TR (& ¢% cFa aft 906) | [Fe e TSP I9F G zetaapproz S0Pk 28T™
93 WA e 0 -9 (NI S NIRRT e SIYSEe G G5 ST | SRS M-eice TR a (e SiieiEs e ww; @ 2t g e
A eifsrss |

1

G A2, =N (2026) | "SIINIT SIS e I — CBIFISGE S @ GIRfemIE-ges BTN | ART N A @ WA, @ 55 |
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PART 20 - BLACK HOLE THERMODYNAMICS & THE COSMIC ARROW SHAKIL MAHMUD EDITORIAL - THERM-101

The Horizon of Entropy: Bekenstein-Hawking Radiation, Holography & Cosmic Time

Jacob , Stephen Hawking (1974) The Holographic Principle

The Event Horizon Holographic Screen & Hawking Particle Creation

The 4 Laws of Black Hole Mechanics

hc?

Ty=——,
"= 8aGMk;

dM = - dA+QdJ + ®dQ
8m

63 20: QETERT.2fbe AT 2T SNEF. (FGTE FIIBIIA, GG T (@ Ff8 972 Vel o TII QS|

b $90-97 MH(FE GFCS fevTo e o wiftess 2311w o (1a36fS 2@ Siied RIETHRAE a3 AR e SR : 9F Fist 57w bl I FF @I
(FE ST 2, O(F 5-97 GGFPTR WSg baetd 2ot WiRead (ofe 2R a1 97 T f& T2ikiesm b @G S cord—a1 siefefim sl Jacs
A G FCA? T2 ATF AP FC ACATRCET “QT SABR” | I3 ST TG (AUFHOIRCAT AT &V AR IS SHCpel FBLCT (FIIBIN [fFacera
aifmig Wy mefeee Sfeye Fifonm om | o o ey eifgss oMt st Reemes sTer: 2eeTialifss S (The Holographic Principle) |

ACETIOIZCE SN 8 I CRITEH CHawel

oIS TR SRS TP F7F (@R (I Sioe qor@ar w9t (72 (“No-Hair Theorem”) | @36 f3f$ale gy (et s fomfs w122l @ fofess =21 o M,
fE SRR J 9% SO BT Q | THGF TS WA 36T ST RIS AN (R {5IeT BIF 91T 1 |

$59% ICe fFBre 25 o) [AesTe cwamet Sotoivs (Area Theorem) &¥Ie Fa: (FIHI oo efemmm—anafss g6 516 @& s7o7 R @Fige 2ere—
2S5 ZRIROR (N6 CFazee] A FUCAIR B (9T AT Al:

DeltaAge0

QRO GF JoTHI T8 el FACe | [ 0, Crameed @8 FUl 7 IR W79 (DeltaAge0) &l FiFem euififs 73; oft g semfeima
for Joae TRIETf6F Fioll ([0 BT FAE (T GF T FIF (TR PO SIS B AECE, T OF 3D ARG CFashe] A-a7 SASF:

StextBHPTOPtOA

T 97 Wesew fof7 elfed) T sadies fGeiw 7@ (Generalized Second Law): (I Af&a1a 1 (IR IR M @ TS @R ey @@= w2
71 3 9 (DeltaSexttotarge0) |

2 Rfeas @ s @@ silieas (5548)

2 GO (FEPTBIRCAR O3 LRONCF Go AN (581 FRRCE | TR Q{6 HF @I M @B A, O sioeifsfims) Spia oF @36 e sy srsare (T
&gt; 0) AFCS 2(J | g STl AFR W T O (A S [0 (79 200 TI—HAG AICHAFFS] T I @ (UTF S 2= AAICS A 1!
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2R NI I (T FIF @R Q{6 [ erormial aece:
Ty = frachbarc38piGMkB
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!
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o GO F@: SN X SIANIGE (T = 0) NI IS longle ftrightarrow T LA 75 2T %05 (kappa = 0) I STHSA |

AENRE TS @ TRresifes e fon

RUTTBIZ-RFE AN AT FICETT AT T SCAION I VBT SRS GTfo @Feca @917 N7 B ), o7 Fea vqzreera 997! aae
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A TR SR |

5550 A (TS T 25 IR FeE FIFES A TR w9t e aifed) S eeaialifErs S (Holographic Principle): @36 famfas esites 715w o2 @
omifee 232 O SRR f&-Sifass SR RGN S5 == 579 5751 1 78!
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St afey frager Facg | Sistsifofm smfieata @i sTaRer st =7w; @b e TR dFoq ST FIF<e |
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