2

Hé nhiéu hat

Phuong trinh Schrédinger téng quat

0¥
ih— = HY
r Jt r;
1 r2
0 | 0
Mot hat: W(r, t) ' Hé 2 hat: W(ry,r,,t)
2 : hZ hZ
H=- V2 + V(rt) H=-——V:——"V2
2m (r, ) 2m, 'L 2m, 2
: + V(rll Iy, t)
|W(r, t)|2d3r EI‘IJ(rl,rz,t)Izdgrldgrz [5.4]

fILP(r, |2d3r =1

j|W(r1,r2, t)|2d3r1d3r2 - 1
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Phuong trinh Schrodinger khéng phu thubc t
Thé nang V khéng phu thudc thoi gian

V =V(r) HY = Ey V=V(r,r,)

I r
0 | 0 i

Y(r,t) = p(r)e E/"
2 hZ hZ
=——V2———V2 4V

LT om, 2 +

H=-— V2 +V

2m
HY = EY

3

Hé hai hat

l'I'J(rlt r21 t) [51]

'hatp—Htp 5.2 I
i Fra [5.2]

h? h?
H=——"V2- 2 VE+V(r,r,t) [5.3]
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Hé hai hat

Xac suat tim duoc hat 1 va hat 2 trong mién
thé tich vi phan d3r; va d3r, (& thoi diém t):
|W(ry, 15, £)[?d%r d°r, [5.4]
Diéu kién chuan hda:
f |Lp(r11r2;t)|2d3r1d3r2 = 1 [55]

Xac suat tim duoc 2 hat trong toan mién khéng gian
(2 hat ton tai trong d6) bang 1 (100%)

Hé hai hat
Thé nang chi phu thudéctoa do: V = V(ry, ry)
iha—lp n* Vz—h—2|72+V(r )|y
ot | 2m, ' 2m, 2 172

- Tach bién ¥ = Y (ry, rp)@(t)

> W(ry, 1y, 1) = Py, rp)e R [5.6]
Y (ry, 1) thoa PT Schrodinger khong phu thudc thoi
gian:

h? h?
sV —5—V; +V(r, )| = EY

Hy = 2m, (5.7]

Zml
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Hé hai hat phan biét, khong tuvong tac

Mai hat m; bj anh hudng bdi 1 thé ning riéng biét

Vi(r), G =1,2).
Khi d6 V(ry,ry) = Vi(r; ) + Vo (ry)

h? h?
—_— P2 ——p2 + Vi (r )+V(r)
" 2m, 15 m, 2 1y ALY)
2 5 ]
__2_"11‘712 +V1(r1)_E|722 +V2(1’2)_

= Tach bién P (ry, 1) = Py (1), (1)

Hé hai hat phan biét, khong tuvong tac

Tach bién Y (ry, 1) = 11 (1), (1)

Y4(ry), Y,(r,) thoa cac PT Schrédinger
khéng phu thudc thaoi gian:

2
Hipi(ry) = —Z_Tnl‘712 + V1 (ry )] Y1(r1) = Eq1 (1)
2
Hyp, (1) = |- om, 7+ Vo (r, )] Y, (ry) = Exp,(ry)
E,+E,=E

5/26/2023



5/26/2023

Hé N hat phan biét, khong twong tac
M&i hat m; bi anh hudng bdi 1 thé nang riéng biét
Vi(r;), G =1..N).Khido V(ry,...ry) = X3, Vi(ry)

N hz
Z(‘z—,ﬁ + V(5 )) Y = Ey

j=1
Y =P, v, T, ty) = P ()P () Py (N)

M6i ham séng wj(r]-) thoa cac PT Schrodinger khdng phu
thudc thoi gian:

hZ
Hi;(ry) = [—z—mij +V;(x )] ¥ () = Ejb;(ry)
]
G=1..N)

9

Vi du: Hé nhiéu hat phan biét,
khéng tuong tac
Hay tim cac mc nang lugng va ham song cua 3 hat
c6 thé phan biét, khong tuwong tac vdi nhau, duwoc dat
trong giéng thé vuéng vd han (1 chiéu) kich thudc a.
Dung két qua thu duoc dé tinh ndng lvgng va ham
séng & trang thai co ban va kich thich th nhat.

10
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Vi du: Hé nhiéu hat phéan biét,
khéng twong tac
Hé hat [c6 thé] phan biét va khdng tuwong tac nén
ham séng chung cta hé |a tich cdc ham sdng tirng hat
don lé:

Y(xq, X2, x3) = P1(x1)P2(x2)P3(x3)

Ham sdng tirng hat thoa PT Schrodinger khéng phu
thudc thoi gian :

hZ
[—— v+ Vi(x )] ¥i(x) = Ejp; (%))

Zm] J
Nghiém: tap hop cac ham/tri riéng {wnj(xj)} , {Enj}
¢n1n2n3 (%1, %2, Xx3) = l/)nl (X1)1/Jn2 (x2)¢n3 (x3)

11

2

2 /mm n# _ m?h?
Un, (0 = [osin(Ton) B =k K=

P mons (ot X X3) = W, (2o, ()W, (5)

2 2 2
ny mn; ng

E =(2+ 24+ 2 )k
Maftzns m; m, ms

Wi, = 2 gsin(nxl/a) sin(mx, /a) sin(mxs/a)

By = (—+—+— K
111_7,n1 m, ms

Xac dinh nang lwvgng va ham séng trang thai kich thich
th&r nhat. [Gid st hat th& 3 ¢6 khéi lwgng [&n nhat]

12



Hé 2 hat dong nhat

h? h?
- |712 —
2my 2m,
Gia st hat 1 & trang thai y,, hat 2 & ¢, :
Y(ry, 1) = Y (r)Pp(ry)

Vi hai hat d6ng nhat, nén hat 1 cling c6 thé & trang

thdi Py, hat 20 Ygu: Yy, 1rp) = P, (r)P, (12)

Vs + V()| = Ey

Xay dwng ham séng tir 2 t6 hop trén:

Yu(r, 1) = Al (r) Y, () £ 1, ()P, ()]
[5.10]

14

Bosons va Fermions

Yy (ry, 1) = Ao (r), () £ P, (1) ()]
- C6 2 loai hat déng nhat:
D4u + : Hat bosons [photon, mesons...]
D3u — : Hat fermions [electron, proton, quarks...]

Boson: Hat cd spin nguyén [5.11]
Fermions: Hat co spin ban nguyén Tién dain

- 2 fermion déng nhat khéng thé & cung trang thai.
[Nguyén ly loai trir Pauli/Pauli exclusion principle]
Thatvay, néuy, =y, - Y_(r,r,) =0
Boson: Hat cé spin nguyén, cac trang thai doi xirng
Fermions: Hat cé spin ban nguyén, cac trang thai phan xirng
[Xem slide sau]

15

5/26/2023



16

17

Toan t& hoan vi P

Pf(ry,ry) = f(ry,ry)  [5.12]
> P2 =1->TririéngclaPla+1
Xét hé hat dong nhat > [P,H] =0
- C6 nghiém riéng chung cho P va H

—> Cé thé tim thay nghiém cda PT Schroedinger
doi xirng (tri riéng +) hoac phan xing (tri riéng —)
dudi phép hoan vi.

lp(ri,ré) = iﬂp(‘é»‘l) [5'141

Xay dung ham séng d6i xirng va phan xirng
Y1 (ry, 1) = Al (1), (r3) £ P, (1), (12)]

Hai bosons déng nhat:

1
Yo(ry, 1) = ﬁ (e (r) Y () + P, ()P (1,)]
Hai fermions déng nhat:

W (1 T5) = —= [ ()W (1) — W (6 ()]

V2
Ya(ry) P (ry)

1
P_(r, 1) = — Up(r)  Pp(ry)

V2!

Cha y: Néu 2 hat phan biét thi:
1/’(1’1; rz) = l/Ja(l'1)‘.bb (1'2)

Dinh thirc bac 2
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Xay duwng ham séng d6i xirng va phan xirng

N bosons déng nhat:
1 ~
1:b+(r1 rN) = WZPP l/)nl (1‘1)1/Jn2 (rz) ---lpnN(rN)

[Tong theo tat cd cdc hodn vij kha di]
N fermions déng nhat:

Y (11 1) = 75 D (=) i, ()Y, (62) iy (1)

hoac Py (0, (1), (1)
1

¢—(F1 ...I‘N) — W %Z (rl) wnz (rz) lpnz (rN)

lpnN(rl) lpnN(rZ) lpnN(rN)

Dinh thirc bac N

18
Xay dung ham séng d6i xirng va phan xirng

Trong cac cong thirc & slide trudc, nq, n,,... ny la nhitng
s6 khac nhau. Néun, = n, = -+ = ny thi

7,[)+(I‘1 rN) - %(1‘1)%(1‘2) ---wn(rN)
NEu mét vai n; xay ra hon mét lan thi can chd y kéo tinh
lap lai. Vi du 1, xdy ra N, 1an trong chubi ny, n,... Ny;
n,xay ra N, lan ... thi

o1y omy) = S P iy, (), (1) o ()

Da4i vai phan xirng [fermion], chi can cé 1 cap so giong
nhau, n; = n; , thi ham séng bang 0.

19
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Xay duwng ham séng d6i xirng va phan xirng

Vi du: Xét hé 3 hat boson doc lap (khong tuong tac),
déng nhat. Néun, = n, =n,ny; # n,ny xayra N; = 2.
Khi d6 ham song [d6i x(rng] duoc cho boi

Palryty 1) =250 P ()P0 (1), (1)

1
= ﬁ [n (XY, (r2)¢n3 (r3)

+Yn (r1)¢n3(r2)l/)n (r3)
+ Y, (e Y ()Y, (13)]

20

Bai tdp nhd 1: Hé nhiéu hat khdéng twong tac

Hay tim cdc mdc nang lugng va ham séng cla 3 hat cung
khéi lwong, khéng tuong tac véi nhau, dugc dat trong
giéng thé vuéng vo han (1 chiéu) kich thudc a. Dung két
qua thu duoc dé tinh nang lvong va ham séng & trang
thai co ban va kich thich th&r nhat. [Can xét cac truong
hop: cé thé phan biét va khdong thé phan biét (hé hat
ddng nhat); hé bosons va hé fermions. Tham kh3o vi du
5.1 sach Griffiths]

10
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Bai tdp nho 2: Hé nhiéu hat

Viét phwong trinh Schrédinger tong quat va phuong
trinh Schrodinger khong phu thudc thoi gian cho mot hé
gdm 2 hat.

Gia st 2 hat trén déu I3 electron. Trong nhirng truong
hop nao thi 2 electrons nay cd thé cé cung 1 trang thai,
khong cung trang thai? Tai sao?

11
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