Outlines of Quantum Physics

@ Wave-Particle Duality
© The Schrédinger Equation

© The Hydrogen Atom
@ Schrodinger Eq. of the Hydrogen Atom
@ Noninteracting Particles and Separation of Variables
@ The One-Particle Central Force Problem
@ Energy levels of the Hydrogenlike atom
@ Hydrogenlike-Atom Wave Functions
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Hydrogen S.Eq Sep.Va

Schrodinger Eq. of the Hydrogen Ato
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Hydrogen S.Eq Sep.Var.

Noninteracting Particles and Separation of Variables

H= H, + H,, (Hy + Ho)W(q1, go) = E¥(qu, g2)
HehH, RFKIF 1 BX; H, RFRF 2 B%;
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Hydrogen S.Eq Sep.Var. Cen.Fo

Noninteracting Particles and Separation of Variables

H= H1+/:/2, (/:/1+H2)‘I/(Q1,QQ) = EV(q1, q2)

= EF'I:I Al *D*.L? 1 E;& Hz /\*D*.L? 2 E;&
PBEEE, BIZ Y (g, ¢) = Gi(q1)G(go):
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Noninteracting Particles and Separation of Variables

H= H, + Hs, (Fh 4 H2)¥(q1, g2) = E¥(q1, g2)

ETFH RFRIF 1 BX; H, RFKF 2 Bx;
PEZEE, BIE ¥(q1,92) = Gi(q1)G2(q2):

H1G1(q1)Ga(g2) + H2G1(q1)Ga(g2) = EGi(q1)Ga(qe)
Ga(q2)Fh Gi(q1) + Gi(q1)HeGa(g2) = EGi(q1)Ga(qa)
F/1G1(Q1) I:I2G2(q2)

= E

Gi(q1) G2(q2
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Hydrogen S.Eq Sep.Var. Cen.F = WaveFun

Noninteracting Particles and Separation of Variables

H= H, + Hs, (Fh 4 H2)¥(q1, g2) = E¥(q1, g2)

ETFH RFRIF 1 BX; H, RFKF 2 Bx;
PEZEE, BIE ¥(q1,92) = Gi(q1)G2(q2):

H1G1(q1)Ga(g2) + H2G1(q1)Ga(g2) = EGi(q1)Ga(qe)
Ga(q2)Fh Gi(q1) + Gi(q1)HeGa(g2) = EGi(q1)Ga(qa)
F/1G1(Q1) I:I2G2(q2) - E

Gi(q1) G2(q2

Left part must be a constant,
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Hydrogen S.Eq Sep.Var. Cen.F = WaveFun

Noninteracting Particles and Separation of Variables

H= H, + Hs, (Fh 4 H2)¥(q1, g2) = E¥(q1, g2)

ETFH RFRIF 1 BX; H, RFKF 2 Bx;
PEZEE, BIE ¥(q1,92) = Gi(q1)G2(q2):

H1Gi(q1)Ga(a2) + H2Gi(q1)Ga(q2) = EGi(q1)Ga(qn)
Go(q2) i Gi(q1) + Gi(q1)H2Ga(g2) = EGi(q1)Ga(go)
/2/1 Gi(q1) Hz G2(q2) - E
Gi(q1) G2(q2
Left part must be a constant,
/:/1 Gl(‘h) =k Gl(Ql)a H2 G2(Q2) = E2G2(CI2)

EE+E = E
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Hydrogen S.Eq Sep.Var. Cen.Force

Noninteracting Particles and Separation of Variables

AJHE ] n AN KT [AERR
B s Fy et B,
U(q1,92, - ,qn) = G1(q1)G2(q2) - - - Gn(qn)
. E=E+E+---+E
HiGi = E;G;, i=1,2,---,n
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

Reduction of the Two-Particle Problem to Two

One-Particle Problem
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

Reduction of the Two-Particle Problem to Two

One-Particle Problem

o . R(X,Y,2) = min + marp
FRIOIRER L my + my
F(X7 Y, Z) = Fl - ?2
mymsg
M = my + mq; = —
e ! > H my + mo
Y
N
/\$ /k .
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

Reduction of the Two-Particle Problem to Two

One-Particle Problem

o . R(X,Y,2) = min + marp
FRIOAARERTTIA: my + my
F(X7 Y, Z) = Fl *?2
mimso
M = my + mq; = —
e ' 2 a my + me
Y
N
/‘\$ P 2 62 82 (92
( = — — —
) Ve = ax T ov T oz
0? H? 0?
V% = — 4 — 4 —
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

Reduction of the Two-Particle Problem to Two

One-Particle Problem

R’(X Y,2) = mifL + maefy
BRIOBIRRTTIE: T my + my
F(X7 Y, Z) = Fl - ?2
mimso
M= my + my; = —
e ' 2 a my + my
¥
N
/‘\$ P 2 62 82 (92
( = — N —
) Ve = o Tove T oz
82 32 82
2 = —_— — [—
Ve = Ox2 + 0y? + 022
1 1 1
R 7v2 7v2 — U2 7v2
1 1 + ms M R+ r

SM Hu Quantum Physics



Hydrogen S.Eq Sep.Var. Cen.Force Energy WaveFunc. &%

T S.eq BJHLA:

K K
[~ 2Mv ——v“‘ + V(N = Eppra¥
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Hydrogen S.Eq Sep.Var. Cen.Force

T S.eq BJHLA:
s h?
[~ 2Mv ——v2+ V(N = Epora¥
PETRE,
\I/(’[éa?) = \IIC(R)\IIe(?)
P, = o
WVR\I’C( ) - EC\I’C( )
[~V + V(N]T(A = EV¥ (P
Etotal = Ec+E
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Hydrogen S.Eq Sep.Var. Cen.Force Energy W

T S.eq BJHLA:
2 2
[~ ;Mv —h—v“‘ + V(N = Eppra¥
PEZEZX,
\P(ﬁaa = \IIC(R)\IIe(?)
i o o
WVQR\I’C( ) = Eclpc( )
2
5V VO = BV
Etotal = Ec+E
N iR R OB I RERE .
A?‘i&xe**ﬁ%ﬁﬂ, BFEHE RIS N aR, J
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Hydrogen S.Eq Cen.Force Energy W

=475
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

-5 V2 + Ve () = E9 () |

2_ 0% 120 L 17 1 9 (s 90 107
Vi=gz+ 355+ zlamaaGinds) + sin206¢2]’
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

2
[ 2V + V(DY (P) = EX(7) J
2 . 2
V2 = % + %% + %2[511119%(51119%) + siize%ﬁ]’
2
L?= _hQ[snllB% Slne%) + sml20 68¢2]’
_ _ o0
LZ_ _Ih%,
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

2 _ 9% 28 | 11 1 8 (inpd 18
Vi=gz+ 355+ zlamaaGinds) + sin206¢2]’

sin 6 00 o0 sinZ 0 0¢2
_ _ O
L,= /h6¢,
2 162 1 72
Vo= Lol =zl
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

2_ 0% 120 4 17 1 9 (s 00 19
Vi=gz+ 355+ zlamaaGinds) + sin206¢2]’

sin 6 00 o0 sinZ 0 0¢2
_ _ 40
L,= /h6¢,
2 _10° 1 72
Vi=torr— opl
H=_P o, 1 Zz—l—V(r)
— 2uror? 2ur? J
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Hydrogen S.Eq Sep.Var. Cen.Force Ene

[ o r it V(1) + 552 12 0(r,0,¢) = E¥(r,6,9)

2ur?
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Hydrogen S.Eq Sep.Var. Cen.Force En

LSRN
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Hydrogen S.Eq Cen.Force Energy W\

LSRN

AREE

[2Y(0,6) = BH*Y(0,9)

SM Hu Quantum Physics



Hydrogen S.Eq Cen.Force Energ

LSRN

AREE

RLrt 2L (E—V)— B)R(r) =0
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Hydrogen

AETIE, BRIERES

12¥(6,9) = K Y(0, ) J




Hydrogen S.Eq Cen.Force Energy W

ARSE, BRIEERE

[2Y(0, ¢) = BR*Y(9, ¢) )

\|
/l
3
)

_ e [@EADE—mD! g 1
Yem(0,0) = (1) \/ 47 (0 + |m])! P o)m '
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Hydrogen S.Eq Cen.Force Energy W

AETIE, BRIERES

[2Y(0,¢) = BH*Y(0, 9) )
Hig
_ e [@EADE—mD! g 1
Yem(0,0) = (1) \/ 47 (0 + |m])! P o)m '

L2Yym(0, ¢) = £(£ + 1)B* Yim(0, 0)

2m
/ d(b/ dQY*m Yg/m/ sinf = (5@(/(5,,,,,1/
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Hydrogen S.Eq Sep.Var. Cen.Force Energy

Radial Function and Energy levels

B (R + 2R) + V(R + “SE07 R, = ERy () |
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Hydrogen S.Eq Sep.

Radial Function and Energy levels

%(Rw 2R) + V(DR + ST R, = ERy(r) ]

T 2ur
—RROSsEH, Hig

R = Rng(l’), / Rnan/gl’QdI’: (S,m/
0
E=E.,

BEEAS—RE 20 + 1 EEH, 5 m 2FEFXK.
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Hydrogen S.Eq Sep.V

Radial Function and Energy levels

%(Rw 2R) + V(DR + ST R, = ERy(r) ]

T 2ourr
—RRPONDEF, HiE

R = Rng(l’), / Rnan/gl’QdI’: (S,m/
0
E=E.,

BEEAMES—RE 20 + 1 E"ﬁ# 5 m BFEHFLX.
Xﬂz* BT V() =2z¢%/r, Bf

_z 27 22041
Rae(r) = Nnee "a(gr) Lote (Er)
h
= B2/t = "1
a /e i
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Hydrogen /ar. Cen.Force Energy

Energy levels of hydrogenlike ato
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Hydrogen S.Eq Sep.Var. Cen.Force Energy W

Energy levels of hydrogenlike atom

Ve = Rue(r)Yem(0, )
H\I/ném = EnlI/nlm
E, = ,ﬁ.“equﬁ.lw?a?
2n2 K2 2n2
LU = L+ 1R
LVt = meh¥oem
¢ = 01,23 ,n—1
m = 0,£1,£2,...,4¢
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Hydrogen S.Eq Sep.Var. Cen.Force Energy Wavel

Energy levels of hydrogenlike atom

Ve = Rue(r)Yem(0, )
H\I/ném = EnlI/nlm
E, = ,ﬁ.“equﬁ.lw?a?
2n2 K2 2n2
LU = L+ 1R
LVt = meh¥oem
¢ = 01,23 ,n—1
m = 0,£1,£2,...,4¢
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Hydrogen S.Eq Sep.Var

Energy levels of hydrogenlike atom

Ve = Rue(r)Yem(0, )
H\I/ném = EnlI/nlm
E, = ,ﬁ.“equﬁ.lw?a?
2n2 K2 2n2
LU = L+ 1R
LVt = meh¥oem
¢ = 01,23 ,n—1
m = 0,£1,£2,...,4¢

@ (= O(sharp), 1(principle), 2(diffuse), 3(fundamental), - --
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Hydrogen S.Eq Sep.Var

Energy levels of hydrogenlike atom

\Ilném
H\I/ném

L2\I}nlm
Lz\Ilnlm

Ree(r) Yem(0, &)
EnlI/nlm .
/
22;'#;2 :—222?~uc2a2
4 1AW
mghW pom
0,1,2,3--- ,n—1
0,£1,+£2,---, %/

@ (= O(sharp), 1(principle), 2(diffuse), 3(fundamental), - --

@ hcRy = %aZmec2 ~ 13.6eV, ap = a%ec ~ 0.529A, o = (€

4meghc

1

~ 137
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Hydrogen S.Eq Sep.Var

Energy levels of hydrogenlike atom

\Ilném
H\I/ném

L2\I}nlm
Lz\Ilnlm

Ree(r) Yem(0, &)
EnlI/nlm .
/
22;'#;2 :—222?~uc2a2
4 1AW
mghW pom
0,1,2,3--- ,n—1
0,£1,+£2,---, %/

@ (= O(sharp), 1(principle), 2(diffuse), 3(fundamental), - --

@ hcRy = %aZmec2 ~ 13.6eV, ap = a%ec ~ 0.529A, o = (€

4meghc

o R, =109 737.315 681 60(21) cm™!, Ry = Roo -4

me+M

1

~ 137
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ce Energy WaveFunc. 2

\I/nfm = Rng(l’) ng(97¢)
2Z . (n—4—-1) _z 27 o0a1,2Z
Rne(r) = \/(m)3we"a(na N, (Ef)
7 m |m| 204+ 1)(€ — [m])! jm| L im
Y@m(97¢) - (*1) 47_(_([_,’_ |m|)! PZ (Cose)\/ﬂe ¢

where a = 4megh? [ pe?
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Hydrogen
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ce Energy WaveFunc. Z

a = A4dmegh®/pe?
Zr

p o= —
na

(=008, & r=0 JFE4k:
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1 ~1
<?> = /0 R2,Pdr
- %é)
1. 1 V4
(7 = £(£+1/2)(£+1)(n3

)3

SM Hu Quantum Physics



Hydrogen S.Eq Sep.Var. Ce € WaveFunc. £#&53

Rls & R?s & R2p

Electron in the Nucleus?!
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Hydrogen S Sep.Va e WaveFunc.
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Hydrogen S.Eq Sep.Var

Radial Distribution Function R2,r*

agR(r)?r?
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Hydrogen : orce Energy WaveFunc. Z

Real Hydrogenlike Functions

\I/n,f,m - nZ(r)Sfm(a)
combinations of ¥y, o, and W p _

cos |m|¢p

1
Ut m = an(f)Sz,|m\(9)\/T—ﬂ{ sin | m|e

Uop, = gy = %(é)me—zmaz

Vap = sl 4y ) = (e
Vap, = i\}i(‘lfzpl — Wy ) = %(2*23)5/252’/23}/
Usg, = i\}i(\pgdz — W3y ,) = 81\2/%(5)7/262433)(}/
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Hydrogen S.Eq Cen

Graphs of Real Hydrogenlike Orbitals

@ Angular wave

function, @ Probability density, |¥|?, |¥| (@y = 0)
|Y2m(97¢)|
2s 2pz 3pz
Pz
0 - N
N0
3d,2 3dy, 3de_ye
10kt

MR N, - 2
-
C -

A Java viewer from: http://www.falstad.com/gmatom/
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Hydrogen S.Eq Sep Energy WaveFun

Graphs of Real Hydrogenlike Orbitals

Af .
(m=+1)

Ahe—syp2)
(m==£3)

Af e y2) Afy (352 —y2)
(m=4+2) (m=+3)

http://en.wikipedia.org/wiki/Atomic_orbital
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Hydrogen S.Eq Sep.Var. Cen.Force Energy WaveFunc. &
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Hydrogen
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Hydrogen

ST RTINS
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SENFRN

S 2EF3H
SEFEEEEAE | (L] §6.1 [#7] §17
SR FRR [Lv] §6.2-6.3

B =%F00% | [Lv] §6.1 [E] §6.1
XKERFEER (Lv] §6.5 [#7] §17
KA R FIREREL [Lv] §6.6 [#7] §17
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