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Abstract Photon is often referred to as a massless particle, but this is in no sense an
adequate designation. The physics for photon can never be recovered from that for massive
particles by simply setting m=0. The energy-momentum relation, the (in-)dependence of velocity
on the reference frame, spin and the projection of spin, to name just a few, are some aspects that
show radical differences between photon and massive particles. Even in terms of Bose-Einstein
statistics which both may observe, the difference does not lie in the fact whether the objects of
concern are with or without mass. Photon is de facto referred to the energy quantum of the radia-
tion field, which was proposed in the effort to fit experimental results. Quantization for the light
field has followed a different scheme as for massive particles, it is simply realized by replacing
the amplitude of the radiation field with annihilation and creation operators. Since it is impossi-
ble to define a position operator, thus the countability, being relevant to the locality problem, of
the photon turns out to be rather questionable. The current article tries to provide a comprehen-
sive review over the concept of photon in the framework of quantum mechanics, relativity and
statistical physics, in the hope of provoking a re-examination of the precise formulations and
underlying pictures concerning this fundamental notion.

Keywords photon, massless particle, quantization, position operator, locality, countability

- 726 -

2019 —08 —26 s F|
T email: zxcao@iphy.ac.cn

DOI: 10.7693/w120191104

4939 - 48% (20194F) 1134



1 5lF

HeF XA A TR T 1900 4538 B e AU A B I 4R
S S IABIR I U, /ho k%%, 1905 4 2 K 1H
FESRRE G A8, 1 S 06 48 SRt o — 2D {1 152 [ AR W
Ko I DL RE & &1 E = ho Ay s ir iy 5 Ak
AT, 1923 4 et i Ay il X- S £ i) e - B S 5%
BNSIATHHEASDRRET p=ho/c IR, X
& S 8T LA K K 5 W (Gilbert N. Lewis) T
1926 4251 A T I+ (photon)—1ia]", &AM
MZEA, FHHEAAkRS R BRI T FiEE+
L RALFIITLE:, 2 AR RGN EE.
SRIM, FRATAE RO, e KB Rk KA (E
MrtE 2L, JETFAESIAZE, &5 BIPE T hHE
BET E=h Mg &&T p=holc By, kiK1
FEREFWEECk B RERR FIIRIANX E=ho
UL R & PR O s AR S p=Elc, gk
NN RER— R R (AR R) E=pc, X
MR RE X AW HEMK T, {EUHH
e, &AM R A R RER—
HERRA
E’=p’c+m’c*, )
#A m=0, MM AHFE E=pc, XKt
Frigt R TR UL S . 2RI, 0
figth, PR TR & p=holc , {EREEWHH K
i the X-5F £ R -1 (RIS e 2 Al &, i AE
FrFHIReE—ah & X R p Kb B
gh4-% & P=(p; Elc) ET =A% &, ek
2 E p=mv Z AT y=U1-vIic,
AERA—IR REER, {£254 % TR iR
MR, Stk B R U ELIER BRIk
HOEA | LSS, 6 F, BEA iR s e
(without mass and without charge), (&, BH &
Bl A%, WEEAE, EEARE, WA B
KEEFRZE | LA B AR
BB HE T ARk e A B AT, A
A LEINERTT— TR TR — LA 2
o e T B SEI RN, IR B A REA G
FHEHEE RS R R B G . BT DR

4H3€ - 48% (2019 4F) 113

WK RN EM-E2R ), &
i, R RS A AR S &5 T 3AT
KBERF5FARR EWX B, tban, JeF,
WIS IR, K 5H Rk
2 [R] A 22 B AN 2 A B 5T 2 0 ot & oA 2 1Y 22 3l
o SefF+—HAEMERMAD? FE, i
FAXHR Sk SR B AL, BEEICEAE
A 2 IRHEZR &I — AR . AT AT LA TA] — A~ [H]
B a1 T : ity o108 1V e W< ) [51 T 95 .3
AEANE S BHEZE N AR R & — A S
HEHE 28 (referring to nothing) 4 HE &9 X 2 HIAY
AR & FEC M A RINR . wtE 2=
TSR UL, eI AT B DL R S0 Y
FLR SEEAb A B AT R R SR S R A, X SRS
RASCETHEIN A

2 ZEYBERRYRAL TS5t

LMy rh, Yk -5 AETZeN
R BN TR . A T S35 A b B A e AL SR DDA (7]
B, AN R — T 242 L A SR T Y AH DG A
w AR R OB H A A R RN PR R
i, A RPN AT LI, TSI RRL A
AR, TR R A TR DA R HART SRR A fr A PN 0 B
=AU A b R B A B TR E A
ZA b, RRFREEh sl D iR, BN
—EA,

F=ma , 2)
ik . RMIEYy, Hod iz w45 05 B LA A
. SRR, tHARAHFETAREH
e AT AR A JLA] fax — B AR A, FLA RN
Yy, ERAATHRZERGRIS M, KESIA
R 4R BRI SR E e, K5
JFORLF- B X SR SE B . T . B2 i R B

A2 T O R

V-D=0 ,
V-B=0 ,

- 3)
VXE:—E 5

_ oD
VxH a
- 727 -



dE—F e, SIA%{E2Z(Ludvig Lorenz) L7, o]
T R T R O ) 5

2
VZE—%%;ZE -0 . )

et N, DAt BA AR, B2 ig
& %% (Hendrik Antoon Lorentz) A5 i, 254E, #l 5

TIRE®A R,

3 BEARERERTFHET NS

SRR EALLCA , M2 Sy 5ok 0 1) -
BLBHEZE, WUk F-Ftiy e E R ae 4
BAWM G, xS THEYRT. AT
LI B A, LR FRATISe | e T A R b (RE
BRI TR E LT £,

&y, R FAEMNEA DR,
B E, EIENREE RS, i2EMIER
(1913)F B2 15 (1926) 1) & 145 Ty e BB 2
FRERM RS, LB EE YK TR
FF, EESRHERIA BT ZE a5k &

[x,p]=ih . (5)
I () &%, kAT
1927 4E42 Y, AZULL S s =B e h H &k
RIS R AR R A

1

A= 3 2 e (ke i (e ©

SRIGEIAT A o (k) —a(k) , o (k)— a/ (k) 5E5
BT ', By, SIA R
ENRFF a/(k),a, (k) , et 506 &
fa (ki) -1 a)
A [EA R AR X S /). AHE SRS, 7R
XA E e R, i d BT R L
G, I a; (k)a, (k) $ia B R BOR AT
EHI TS B RN FR R T,
LRI E I EN A EENLSR
&, 4T D. Newton i1 E. P. Wigner % $5 H f 8
L, P AR EREY, Wi, AR
AL ERRIIP L, J. E. Sipe §12H 7 —/)
SR, AT bR BRI, R G

- 728 -

BR BB R AR JL21A RS, i A RALE
KSRE R RILR oA, SEEERE . BRIk
Py & H G TR R 2205 Fe B s A
Alfa] HTfiis . J. E. Sipe G115 e A

v(r)=Yia (k) Jho,ukr) @®)
PRI MG B e wT R A
H= f‘}’*(r)-?’(r)dr ) )

SRR T, D BB B e 2 A (2R
JUARE, A R TR 1 A B R0
P A B R 1 JL A0y A RR AT LA P (r) i B
I, TR LR mP ()P (r)
A2 S B ¥ () B(r) . BB L%
AT V() pP(r) | S, BIME AR T A R
BERON S0 B I, AT R R BRSSO %, 5
SR B o M B, AL AT R R
V(e (r) . (B2, T BB AT R
PERR. flan, ARERIES T, Rpa
153, BRASRE B4 OB T A RER 8 o
Hoder, M ICIIE BB N R ) IR A e
SR F R, T, I R R 5 i
W, MR T TR AR LI,

4 SEFRIAIVHEE

XA R, AR — AR S
HIlRE, FFA BER T, Al & D ERE
SR 4y PRAS BT #) B 2 505 D5 el Bov 15— 1k
(normalized) 4 2 {Y BB R GEWE? 3X A [A]AT A
WA HHERE., H—, iz v (r)y(),
gV (r)?(r) WE R, BAX YR RY, B
SR PSR- 2 B 22 G0 FIE R A A — A 2 1
R RS, SREA2, (HAlREib A Bl
BT CAX 43 iX B FHE T, B A7 /2 2 e ) 5 Fh
w5, B, ), MXFRIEIEE R 2
Mt EHE R A 1, B, thansd Tl Xk
[ e 12 ORI, A& 1O R 5 R — R s T
A FEARAERIANE o R RS B ERL A 0 3¢
1, a3t b B E Rz 12, B2, Pl

4939 - 48% (20194F) 1134



Al Rt o S (S O A R S v b
HEMERBIARENE, SRS RR T A
—T2RRK R R, BRI BB R AT
B A TRl

SR, SeiphE—ay Al Ay e R
LR R, XMt Fi&r k., LRk
) S O R G RN 2 PR 30 SH 1A B e L8 rh L
RV RE R 2wk, BAR TR, Bk
Mol A AE TR IR T B BB AR GERE ST I Y
R B SR E AT X
ik BRI 2O, OMH BRI LR Py LA
G, A FEREHRENIE - AT LATE W U4 1] 1
WEipng, FXFZEAFEFAAHDIER, T
A THRYE, R RERRIES 2 A AR
Mo ARAFAEHCRIZERIST, T R mrAY S, W
A AT TR AR, (BES A H A X pok:
i, 4%, WOWERIDLFHEA ATEA AT
B, ERENTERE T B h + 1 - 10X 5T
AGME AR LR, B AL, 0, —1AR
[, Xtit, J.E. Sipe @5t : “51Hk A HEMHLIE
fah A HRAR R, A e (helicity)
X AARELT Y, FEE, BETRAH]
HIATE, WIARTESET B g rl PR An &R, &
MR RARZAEAREA2, 3, FIAR
&, (HEhr EERA X2 RS, X BT
RA ST, B e E2E A b P) SR A7 2
OE7/BLIEI

5 AREHTFSIAFRIEIMELR

BT 2947 TR T 506(F) R GA R L
—BR[E, ROHEER, B AR BT
TEEBEIA T —A LRI ER N e, Ak B b
JEBE, A~ R RS LA — o I W A AN 1 ]
FRBT, TATE R R S A, TRk
bRk Q, EMEE AP, H5FN

[o.P]=C, (10)
fAmix — %t 5% S AT E X Bk, 3T
L RGIEE - RE, DU A%ER T,

4H3€ - 48% (2019 4F) 113

APAQE%M[Q,P]D =%]<|c|>] , (11)
Hor AN B SR T 2

Kot 5 5 Z (10) % foz i B A8 e R 07, B i
AN E P e L B o R AR Z Tk A E] T,
TAEARINEN, ERETHFERNLTIE
B AIESE T A E L, W RS
fEREFHEVSIVHEZE T, BHA BAMEFAH BB A
TR HR, XEem U ERRMER, |
&, WP 5T 254 B 0 AMERI A i
EMETE R HA A I EE A S, XA AR SRR
AR — r . e THe W b1 RN B A
WX A, AEA, RBE 4B L6, —
ekl T Z G0 0 1 W AL AR EAT A2 br - 07 B AT
x, IENZh&FE AR TR &5 A p, WA
5y ZanS), WHARYE(10)—1D, AHhE
KARA

Amme%h. (12)

KT RERA P R EF T & ] et
B MU, AWTEL™ 4% AT i — 4k IS4k 11
BENA R RLA- R RIET, X—RGEINE
Liksw0]

X, (13)

MR X — (RN {5 B A B Gy, BISR i
ZAGHRERAMESITEAE, MR E
G JaR AR, AR rEan MR AL i

h +
= +
X me(a a),

(14)
p:i mg)ﬁ(a+_a)’
WA
a=ﬁ(ma)x+ip) ,
\2mhew
) | . (15)
a =m(ma)x—1p) ,

Sk o= [ HBRFORME 0@’ il

R S A&
l[a,a’]=1 . (16)
P RAA3), FE R HA6) A 5 %

- 729 -



Z, (B H fafkh H=(a'a+ Dho , "1{3F)]
R TILRIRE R, WTLUK (a, o) B TEREMRBL
PR A GE 2 HAMERY. 5(x, p )R — % I AE
R,

He e TR s A (6) Kb e S R AR
a,(k) F1 oq (k) 1Rt oy(K) — a,(Kk) Fil a,(k) — a; (k)
SR, TR a, (k) Fia; (k) (k53¢ 2 i ()2
Re FER L, S5 RG)SRE K H R TR
I 555 2 (16)— B, R (a/(k), a)(K)) ik
Xt EA AT, kB IR G R T
(OB RN . h T T S A M B R X S, T 0 1R
(14), (15BN

O(k,1)=6,(a,(k)+a,(k)) ,

17
P(k.1) =id,(a)(K) - a(K) . {an
a0 A5
1 (1 i
a (k) —ﬁ[élg(k,z) +(;2P<k,z)] ,
(18)

() =—L{ Lotk Lr(k) .
Horb o, %0 0, 43 B BA K B AT 8 2 SR Sk
ZH, SIANXBERE A a(k).a (k)& T =N
o, ARYE a,(k) F1oa, (k) X 552 2 (7), w40
O(k,1) F1 P(k,1) [FIXt By K 20k
[O(k,1),P(k,1)]=2i5,0, . (19)
Bk, SeyE e Aas— A —
T SCHY IE M Bl & B A RN SCRIE N AR AR BAT
53k 2 (19 NEK &L ey R AR EL T |
#ME, FFEAEAE R AT
AQUk 1Y AP(K,1) = 35,0,

ZHBATTLAE M, A Bk R A FE
IENE AR, (H RS2 B AL bR —3h m AT
Xt IR K —7 AR, ifiJa & R 16 1
R, ZEHEBIRT, xBBRERCEMEME, —
A AR, TRk T — R sh R —
PLEATERZM? UL, BTG IAR
BT Q(k, 1) Fn P(k,1) 53 BIRE e F-Ho for B R sl =
Xy B N

KT HLF Q(k, 1) Fn P(k,1) 515 7] 43 BIFLAE A

(20

- 730 -

S B BN S EoX A B, SCER[4100 1.3
AN EIRIA . TP R R
E(r)=cEc" " +c.c.
k x il =i, 1 @D
ka@ " +ec.c.
il £, & — A28, & E, BA rT TS0
SEAUARDL, WAl R £, AUSEERREER, F 2=
EEOR A B iR X — X IENA P &, fE R
e, E, A ZDEHEIE R P K EAT a. 3. ATT0]
DL LA SR AT XFNY AT,
X-iY
2

B(r)=

.
_a-a

i2

_ata

2

o (22)

b 9

It
[X,¥]=i. (23)
B, Q3)F R TR T AR B 2 W)
x5S AR (SIRMLL, (AR, SEREX AR 59 TR
BRI, Ak, HHBRARE), WL Y&
AR Y=—i o BORE R E I %215 i Fock
EIOE SN
v, (x) = (xln) =@ m) “H, e, (24)
Sl H,00 R n BRI TEK SR T FEg Fock
&, HEHAE, QX' =Y =n+5, M

Nﬂ%m+%z%,%ﬂﬂm%W%§%K%Eﬁﬁ

Bl AR UL — 4D, R T IX HAY LR AR
—H T, B—ART A, A —
A BTN SR T 5 — A AN B Pk 4 SRR KX
Pt % SR ERE =

“AE TR 0T S 3t A 9 O (4 80 o 1
TR, T AERAEFIAS I A 1 4 A v A2 31 o 224
AT R, 3 BLAYIE NS g e IR i
R ARGEA KRR, A RA OB S E) &AL S
S SCHRITTRHE e A S 00 AG I, o 5 T 0
R T R B BRI, A BRI TE T
(DA iRE R ot P o o o LI L o R
PREEIOL BN A IEFRIGLE, SEBe— R 1
G BT ARk R BE SR A F I E
#3580 (put in by hand) [y 67 B A5 8., &
APV SR, T H ERBENEE T ok

4939 - 48% (20194F) 1134



KT FEFAENTHE, AINEHERNSL,
METHINRZIR, BTG AR T IR aaH)
B,

6 We—FEELITSXFRITH
ik

AITHECHE A B R DU S R SR R & . ST
HEFRFFERI R 2, UL B R 23 S f 3R TSt
S ERAR U STRTRE . TR Al B B0
A TR HOMEAR £ o JE TR I A i 38
—HALWRER S, SCEAR M, AE%RE
Jef AT UL S BUR KL AT A . A NS 2 3
&, JRMNEKA THFRIGEHHEA, SEitARY
T A2 BLZLIOE T Al B AT RN ? X B AT HEAT
TEVR SR, WA BRE& A 0 SE AL T LA MR, ST
FERBGEH LR FoE A, TRARIRUEA v £
TERE YT, Sebr b, BROmRIRAES &
KAV =Mt S, S REP 2t RER
OB FR 23 R i (cel) B, i M A 4 H R
R A2 AR RERCL B A 2R . e T XA i
%, MBEGEREIEL, 2EWFRNY. 252
—EEERES, Xkbs bR JERIRE R —
AERARS MM E ARG S R
Ty BREAXAS B 21— m] 24 15 B B JC e 49
M, ¥R R DRI AT T
Btk BOmE R oI H— A SR AR e+ i
AT, et FrftsER A%, ZREHR
IR Rk, BEEART T REFEEARE
M. REDERISEHRAE™ ™, (b IEM T A M
wH R —EOEOCATC, M 2k
X R R —dhm e R, B —Z R
Giit 2 T — A B R FERE A
[, DX BIAR R R R A T8, it U,
ANE7E S —Z ITH ST T RS, 8124
VEF IR Sk 3 AN S5C TRV B A
AR B — 40, Sit -z Ak t—z KB sit
PR —IKBL s GE i, et A A KL 1 1Y F T
eI

4H3€ - 48% (2019 4F) 113

7 HEXHEER SRR

ARBEY, EAHERIES T, SR R T
[l Bt BE XA (R o SIS 8 2 BRI HHAR A
HHST B SCRRTB R — A N IR, MRk
MATNR B E A A AR AT A —— AR
Tanfar s JeR sl 5 . AR Z IR IRA
FeIH AR (] 2 HEHEZE N AR BRI R,  BRFRATE
B[R — A~ ¢ T 2 B HEZE T A I 25 AR hr o
(vy,z5 cf) o R0, HRAUFARA—F, &%
BT S B MRS sk A IR AN R . 4
FObL F e R, i T2 IRAER, Ao ll
WAL T35 . OMEIE, ARk SR TR Y
IfzE AR (.25 o) et — 128, &
BARRMER, X454k B AR Wil F
P RENME, —A28, dricE,
FEMRE, EERHHEIRT, =1/ ue , K
B A SRSL A B R, AR TEBEARA B A 5 |
AZBHEZR RIS, sk Ud, ARtEg—4
AT 2 IRHEEAY R &, AR DA 2
MRHEZE— UL, HLok, XATRETRIAmLIR T IXMRRY
K, AT b R, AEA S IREER
M EEL Y, L R AR FCRKL 1A 3h T2
B —H, 4 m=0 AREMR IR THME
[DEEPR

8 £5iE

Zgd A N5 MRS AgE T heEh o Tt
DRI A, PAROE TR sk AN, 3
A BINARD, e REph 7 X4
IR AU, RIS — B EARER
IR, TR AT B Z A BB SE RN
PR BV SO, RIBE TR B R A B X
(. S HUEE T B AL B —3h B A e TR &
T BEK, IO DR AT D 1 ROHE S R
FEYC SRR R b ot S A BTN S W < D01 Pk (e
VERT b R, AEAR AT DA ik 16 &+ B

- 731 -



Pk

R B Z IR 2 S PR & I R R K . 453156
TR FME TR AIE L INHE P ek,
b ot =K (R o4 OF VA RN/ DB o | (/) R A
F, ERARE TR T 2T AR
PRSI A AR TV 5, BeAh, ShARXH R
&, KEAZIRIER, AR TICESERE)H

% SR E, SCRISE R FERL Y

P (o —Z PRI SE T Z (A 22 B A - i
AFHIRE, RPN LR IR ™
TR SRR AR B RS, AT FATTE— 2
RABLRIECRIIF .

Z% 30k

[1] Lewis G N. Nature, 1926, 118:874

[2] OB RS- AR Bl Bk, 2019

[3] Dirac P A M. Proc. Roy. Soc. London A, 1927,114:243

[4] Agarwal G S. Quantum Optics. Cambridge University Press,2013

[5] Newton T D, Wigner E P. Rev. Mod. Phys., 1949,21:400

[6] Sipe J E. Phys. Rev. A, 1995,52:1875

[7] Scully M O, Zubair M S. Quantum Optics. Cambridge University
Press, 1997

[8] Bose S N. Z. Phys., 1924,26:178

[9] Einstein A. Quantentheorie des einatomigen idealen Gases. Sitz.
Ber. d. Berl. Akad., 1924,261-267

[10] Einstein A. Quantentheorie des einatomigen idealen Gases. Sitz.

Ber. d. Berl. Akad., 1925,3-14

& 4 8 &

GOLDEN WAY SCIENTIFIC

p COw

TREREFRKRERAA

T ERIRRERMIE . RERE, FRTREEA" 80" " "
A EHFICIH RERER, It RET2LESR, B,

R TEF=fMieMEEN .

HEEFREIR AT RERR R, RENES S

HEHRR— O HMHIE.

. REEE

. EEAFEREIE R

NFRE
R

BREAEE)

1

2

3

4.

5. XFEO
6 3
7

8

(BREEH, HE50.8mm¥EFENO)

JEFR TR PH R BT ARES
1EM7THERR

® ®

- 732 -

www.goldway.com.cn
Email: optics@goldway.com.cn

Golden.. e «peeq

B PRSI
B BEWERNKFTH

Bi#E, WiERITT, APENBELMREN

- FRIAE (RN
=l B8
. BohmERsk
. RS
5. T RE

(BREEHM, 1070nmERE)

Tel: +86-(0)10-8456 0667
Fax: +86-(0)10-8456 9901

.

4939 - 48% (20194F) 1134





