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F, W20 604FATITIR, ARZHTTEE AR — TR (MR Maxwell TREZH) ik, MERISHES: | BUHEIA
ZARSI 3N ERTT T — R, it — D W e 1R A B RIS ARSI A AF, JRE A TS

R IR

LN NS T — 2o A R AL T . AR, X — RV aRsE, IR fe st e maie 5
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AR AL  BRIS AE KRR PR (Chandrasekhar,
1950; Peraiah, 2002), T f2#YH (Howell 45,
2010) . ITEMVLEIES: (Glassner, 1989) . H#)E=
A2 (Wang F1 Wu, 2007) . 3 J& (Verhoef,
1998; ZEH:W] %, 2018) ZFAR L4 #R & Y
SahEeZ —. fEE R, AR
NI A7 o AR B P SRR AT, A S A2 i A A
EE LR T YRR R B —
(Kuusk, 2018), tJ&i& 2T LB 1Y #H it
JHehil (Gastellu-Etchegorry 55, 2004 ) ; £ K3
EU O IR e R D Y O A NG I AR N e a7
POk F CRLAEZKE . vk AR SE) S5
% 5 AH B VE B9 384T /775 (Wendisch Fil Yang,
2012); UL4b, fEMHEIE K (Mobley, 2001). 7K
K (Mishchenko %, 1999; Royer %%, 2017) .
+ & B (Schmugge 1 Choudhury, 1981; Bablet

Ui HHA: 2022-02-17; FEDZR: 2022-06-28
HEWB : FXRHREERSE (55 :42071314)

4%, 2018; Sadeghi &%, 2018) “F4Uhk, tHAEfEM
T 408 S A2 i TV S A8 B 5 X G 09 I 3R B R S
B, PRI TR E M R S AU

23 LR S % T PO e — A E R Y O 0L PR
(Wolf, 1976; Mishchenko, 2014b), ik B “Mf
R FRI R TN SIS A (AR AR, iR
EEAY I (B 55 —PEIE” ) ik, il
AR BN HE RIS B . BAR S MU L i BES
BTz T RS R A S AN TR A o b A%
FEFIRE HEWC ST, B 20 M vl 1%~ S IOHS i 110 &
THL B 15 Z [ I A W A CEK . Preisendorfer
(1965) 5 fi i b X AR (9 Fo M . ARG BRIE 2 “ K
Bii”, T AR SR R RS R KB Z A —
JECORE” o T IR R 25 I8 T R S Y
REm AR 0 i, 2 AR 4% B B9 0
DA IR H R B T R S LS, I TE Tk
FH ok R AEAH T J5 58 /55 2 ot (Wolf 11 Maret,
1985; Liangﬂ]Mishchenko, 1997; Mishchenko %,
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1999; Kaasalainen %, 2006). b4k, XF-FAmH
BRI G 2 B R BN T (— A %
Lo T 10% "I FR R B AR BT ) , 28 SR SR i 3 e
A& (Tsang #1 Ishimaru, 1987; 4 W £k,
1992),

AEUCEL BB A A R B S 0 35 S PR RIS A%
e, AT HLEEE A BIE , 0B — 1 B B
Ko 2040 60 4EGE, BEA — RIIBIRH 2k
M\ Maxwell 77 R4 H 2 #4045 iy R el 5 L L
AMLIE AR I B H AT 2% 8 A A] 5 g
Mishchenko (2002, 2010) 1 Mishchenko %5 (2006)
25 A B B HLAY Bt (Mishchenko %5, 2016) 1
RS, oAb, WAIRZ W58 & R HBUE AR
PN Bl A7 15 S 56 1) 7 1 R X 8 LA S A% B BELS FIORG
iff ) H 1 1 B0 o 25 SR 34T I8 (Mishchenko
452007, 2013; Voit %5, 2009), PIERIERR
45

A NI, K LUK Ak £ 38 Bk i &
F AR A T 48 AL S BSR4
TR E M, R HUR B RS E A B 4G AR
SHEE T RMER S, MRREHE S HRZNH
=St . L, AR SO AR SR R ELS I &
JEDIFRGEAT M, RIS HE S . BUERIUR 32 758
SEES 34N T I R G A G I (R S e e
LG 27 Z I R A9, T (RT3 A S A% i 2
W EN BT A X TAE; a5
i TEENN R N o (o

2 IR R R

A e B RS U AT A I 3 18 T Ol
BEAEoE. s, R ERFE S Bouguer Ak LBk
% Lambert X G725 WA BT b AL #1647 T R S5
RIBFSE, JFIHA3R I T 5 2 M1 BCEUE M, B
Hl Lambert-Bouguer MOt E (Bouguer, 1729,
1760; Lambert, 1760):

I(s)=1(0)- exp(—f; Ke(s')ds') (1)
Kb, DHRSEE, < BIFECRE HGE AR
VARG 1 22 YU R SR BRI, v AR S Y
6 R TE A% 5 3o 2 (9 46 58 B2 2 080 . Bouguer il
Lambert A W8 A0 A 106 B 2% BOE B — TR 210
RN, FEMATZ)E, 194, Beer (1854)
TEXTE RO B oo, PRSI A

TIHGERE, KRR — D E AN

TERIBEE AR R b, 194K,
Lommel (1887) A1 Chwolson (1889) 43yl T
BUPIE A 4R A% a7 B, AT TAEFEACK
() — BN [A] B3 A 159 3 g ny AL, S B e ok
Schuster (1905) 4@ 5 1E% A RE Y, HAR
2 NN S 4 S A% B O FE 1 I i . SEkR |
Al BT 4 A 2 FA T BRAE T 2R ) %o 4 A% i O A
() 3 3T Bl . Schwarzschild (1906) . Eddington
(1916) LK Milne (1921) 45 A A B F B
XE R ARG AT T — RAVWESE, IR T
Schwarzschild=Milne £153 75 F2 Hl Eddington 2L 554
&, RETAEW R M IIE RS AT T 7 E
B EEA

IR R A AL T R, B Tk,
WA % B MR . Gans (1924) H R % IE T Mkt
TEF-THI P47 1) Rayleigh B KA AYMEHE )&, (H
AL i T T B EIE 5 Sobolev (1949) Xif
Rayleigh HUR & 2 T (9 4 00 14 76 A Wt 47 1
WA MIBETE o AT A A B FIAT: 250 i 3 R 28 0 1
1, %2 H Chandrasekhar (1950) fifde. FA14
K e Ry BTG 0 TRy — 0o B X 4 60 4% a5 e
i - Rozenberg (1955) R4, Xbr& &R
SHERPE M EEATE R . R Z G, [HAFRE R
TAEFZE Tsang (1984) J Tsang %5 (2000b) 7E
e A% O AR AN FE T BRSO (BOE — ey
H SR . BRI R

) G vr(rg) = ~wd(ri) +
dq
e(rd) + [a1(rd') p(id)

b, 1(r, @) NEESEEE, kHTDERE, E(r, §)
I p(a. &) UEER T H AT g
HCE AR, X (2) W& SE—H TR, W
RV o A0 2 A o T DG 3 Y I s A T 1)
Y R A IR 1 5 15 PRGSO Y 2
X (2) , WAEFZEOLmIE, X—IBX 055
1R i T R b i R A f R . AR5 EOERY
P, D00 B v ) A 7 AR EAR S 03 S
XY Stokes R F L FFAF I G 2 BRI AH e KL
I3 P A I DR MR RO AR, IR 2 R B
S T AR PR Ry o< i RS T AR

25 MU IR A% i P o T S 0 O AT T LR T

)
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P (Efremenko Fll Kokhanovsky, 2021). — & IX}
SR S A Y 1y AR AT S A A BRI Ty vk A 2
WA, B EANR T BB (Zhai 55
2009) . FIN—fFNi (Prahl, 1995) . BHI bR
- (Chandrasekhar, 1950; Siewert, 2000; Balsara,
2001) . FRiIERELE: (Benassi %, 1984; Garcia fll
Siewert, 1986). Monte Carlo J77% (Bernes, 1979;
Whitney, 2011) %,

ORTE SR AL 7 R OFBOA BRI, H
25 B S A% i e SE PR R T ST O AR
(Chandrasekhar, 1950) . 7F 4 55 1% %y 77 F2 O mfE 4
T, X REAEERETE Ot 8 bk
ML T o X HEAY LT MEK A T Einstein T
1905 4E42 1y Ot +" #E& (Arons i Peppard,
1965), 1 “J6Z” LR H T HRL = Ry LA
£l (Mishchenko %, 2002) . X468 “JeF" of
LT TENFUP BB R S . BN
WY, XA A% 1 3o P A A Bl AR A it ST HICE
AHURHARTE A BT (8 3 A B Mg I, Sy R
BB 55 S B 114 L R RO R PR R LA A Ry, PRt
2 MR SR A% B BB TR X — T 00 R AT LA 3 b A
TSR (HBEE WO A 2 LRy s, A BOZ
Y A B B B AR A B, RS A 2 TR]  AH
AR I W S P BE 2, ST BRSO AS R
WAL, TS SRR S AL S PR AR X — 1 D0 T W st 2]
T [n) (Tsangﬂ] Ishimaru, 1987; 4 Wk, 1992),

3 bk S o —

25 WUHR A% i PSS LR A 1 X 4 R L R R
Stees, MiARR R . R MR IIEREN, 2
LI 4 G A% B IS DA G ) B — PR RO, R
TEAREHE PS5 DL Maxwell 77 41 Sk BL il 1) 25 il
HLRG 2 2 RV ST AR R o HLAROR U, B X —
KRR, A 3% HeHES . BRI 2 5 50
Ko Hob, BEREEEE, BRIGHES R R0 R K
RRA I — 25384 5 T BU(E AR UL 32 47 52 56 D) DA B
RSB M, $eft TEEARN

31 HEgHES

3.1 EIEEA R R ETER

55 0 S A2 B ) E R LA AR T B, D A Y
MM K, MHERR S — BRI AR RN Z

UCHUST BEIS , AFR I BT B IS . D 10 22 K
SIS AR Z IR FE R, A — PR B R
R HE AR T A

Foldy (1945) f5 42 JLF 45 i i g 5 ok
% B WAL AR B B R A X OFAR R BRF H
WEWE) W2 BT, FE4R A B A R s At
ST Z 5 I A T AR R R

(V2 + k)(r) =0 3)

Foldy (1945) 5% LA n] @ % & N A
A7 8 FVEBCS 4 1 IR A — i ABE 38 A7 I AH L ST 1Y)
A ) [RIPE SRR, 7 B 05K BE R A A U 4
PERI> A0 PREI S50, AT, (r) SR L3
o (r) FERCE V3938 SCT B — AR AN B aE (H DG R
0 o AR — AR R, A3 P R
B B IR AT o 5 N A B R AU I o 1
e=9) 1B

¢u>=%u)+jww»=w4n+

> er(r)A(rr)
A, g 2 SR B R, A(r, r) R
AL O IR R AT e AR A R R, FELAE HAT

SRR (0 A A B 4
IR ) s 5 — T, O B
ST B PR K — B R AR A e
ST (LD 2R O S ) B
WS, AT

Wr)=vlr)+ Y g(r)A(rr) 6

j=lj=1

¥ (5) AKX (4) W, BEHFE M BZX
— o3 M ] A — 2 R AR IF I — A TE 5 k. X
— B 7 B ALJR ARPFEN Foldy—Lax J R4 .
IR B o3 A X R AR R GRS
TR A2 IR SRS R 0 R — R (R A
T, HHE—PH, RN E AR SO T
WHoE, SRR, BRI E T B
— B4 (g () BB AR (p(r)y (). Foldy
(1945) HE- A5 2 A — [ FEORT — [ 30 0 2 B9 AR 20 7
FEIE 235 5 i1 12 % Dyson J7 % (Dyson,
1949) Fl Bethe—Salpeter /5 #2 (Salpeter 1 Bethe,
1951) 250l (Barabanenkov %, 1971), 7EN — o«
FI B R, i A Liouville-Neumann J5 3% X — B 5

4
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B AR R AR Oy B R AT R AR T, T LUAR
B EATS B REUE, B RESEBR T,
XF R AT AT . R, RIS SRR
AL R B RO S — I X — S R B RR N
Foldy I, A X7l

Lax (1951, 1952) 5IAA RGP0 1L
B ZE A B ITEH 5, ¥ Foldy (1945) YUk
PE— 2D B 7 AR A ) R AR SR O A
BB A SFRE LT . I B ek 22 K R
SR RE T B R EEAR O PR A, H R T
X T O 5 1 — B A 1 2R 57 2 B T 1
T A AH T 3R % L WO 7 0 BE DL Bk s o e 3 )
VAN SRR BRI HL B, Lax (1952) 48 T #E &
A3 R QCA (Quasi—Crystalline Approximation) , 1E
Foldy T {LLIA) FEfiki - 2R B8 — T, L EPR BE 21 905
(55 . fHAF 2, Watson (1953) gk
T ZAK Schrodinger J7 #2 HAT 5 Foldy—Lax J5 F££H #H
WL AR R e, INTTE 7R 1 A 2 R 5 &
FIrErh Z AR AR AR

Twersky (1964) ¥ Foldy Fl Lax 25 i) TAEGN A
BN RGEMHELET, FHFRBTEN — o BIRIRT,
Al L2 g 2 AR 2 0t 5 ) — B AR R T, A
MK 55 B 09 T B o 2 2 N By, X — 1 fpl
Ja KWK A Twersky IERL (E11),

F— 7, XﬂL:J::KJ/I\%E<I//(F)d/*(V’)>, Borovoi
(1966) & H AT LR EIE ¢ (r) Fy" (') AN A TR
BICSRAAC , B0T A0, 55 1 R[] 3RS A G A T) ) T 26
i, WREPERE BRI, XN AY Feynman €] 3R
BEFh BRI (aniE 2(a) i) o 52 XN,
A R [ S R T AN [ A I, W RR R AL
I, XN B Feynman & #8 N “ 38 LET
(F2(b)) s Hpnl s, 24 B R IDUT 15 4 56 42
AH B, X Y Feynman B FR B R 28 LKL
(F12(c)). Borovoi (1966) #&ififyix —#uk, J&
KR A AR LA o

Foldy %% (1945) HIBFF X RIEAR B . 53
BRI, HAX— R ETk UL,
B A B 0 A 2 B S T 2 294167
VEFI L), i 2 5 L B B o B A ke o). 4 il
Mo, X F H #3%, Tsang f1 Kong (1980) #0
Prishivalk 55 (1984) f&BhI2K Green PRELEE 24 T

H, #2538 7T R Foldy-Lax 7741, If
VO T HR B B AR R 2 5 R B ™ s O i
E(r)=E,(r)+
ifvd%ﬂ’é(r,r’)ﬁd3r”:fi(r’,r”) -E(7) ©)
E(r)=E(+ S Er(r) )

Jl#i)=1

E;(r)= JV ErG(rr) - JV dsr”i‘j(r’,r”) ~E(r")(8)

R, E,(r) RRABY, E(7)FRE i Ak
TR LY, Ep (r) 3555 A B R 55 i 4>
BT M S, G (ry #) 3R I Green B
BT (e BT () RIFRBOSEAT.
WEME, BAXTEHEYE (W) WAk T
TR, X539 R A BRI X, i
R T B, SERRTETE I R I E(r),
R IR A3 HEL T 36 0 L 10 B8 14 2 R B AR R <Ol
ToE gk fE B PR 2 ) ok ] R g 1Y o A
(Mishchenko, 2014b),

(a) Al —HHAZZ B —K
(a) Each scatterer occurs at most once

4 v’/‘_ 7o)\ 7N\
A ——8—>4)
Fan Y / \«”/‘ Vi) N
(A) >B) ) >8)
el e e ~
@—@—C0——0

(b) B A Bk (9t Twersky VT Ll Z 1% )
(b) Some scatterers occur more than once

(Omitted by Twersky approximation )

K1 Feynman EI3R/R T 1Y Twersky STl B E (B &SR
[F By S B ARRAN TR (IR I, M3 e (1 R ] — IR )
Fig. 1 Twersky approximation illustrated conceptually using
Feynman diagrams (Different letters stand for different
scatterers, while dashed curves connect the same scatterer

which occurs more than once)
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(a) Birkh
(a) Ladder diagrams

o

@

OO
(b) XA
(b) Crossed diagrams

T T gl Sy
E—r—(O—E—®

(c) RA XA

(¢) Maximally—crossed diagrams
E2  Feynman B3R T 1B FI2E XL
Fig. 2 Ladder and cyclical diagrams illustrated using

Feynman diagrams

F % 19 2 R O B 5 A A% RS 0 F
RGP AT ZES, ANOFREN ZHHLR
W4T T4 (Bremmer, 1964; Barabanenkov, 1969;
Furutsu, 1975; Ishimaru, 1978), JFiCUE T £k
RO B8 v R R O R HRORT LA AR kg X6 B Y
B3, AR T 56 32 Y 5 0 X 0] 5 4 S A% a2 e
o ) s A S e SRR i s s U (DL E
BRI A7, X LRI B T — M Y
FROHL R T R B E T LA

3.1.2 M Maxwell FiRAHESEIEHTIE

FLAE 20 T8 60 4R AR, AFFEE W 2 2 RE
FRSH L T R RS HE T, AN BRI T RE ST AE
7L Z50 7% FE A S A% iy R 22 T 18 28 B v 2 )
NI 3 e TR S 8 R N R G L U E 278
B (Kuzmina 55, 2018) . 78 28 L 27 A HE S
T B 1 5 RS B k2 Maxwell J7 24 o A
Maxwell 77 FE2H & JEATFRSHE S or fe e, Hk
KU, FEM R —EMBRBAEM T, N
Maxwell J7 F# 20 #fE 45 2 2 A 58 55945 5 )7 BB L)
KRN, JFEIUX — X R &Y 5 iR S
B 7 R AW XN R R (Kravtsov A1 Apresyan,
1996) . S [Rlm;,  fn SR AR 4 E BRI T RE G
Maxwell J5 B2 2H 345 BIXFE R E AR, Wl it W]
BTG S BIRTE X — BT B S T =i Y

A7 3 LU 2 35 i TR 1 J2 A 37 08 - T H
WG, T HCHARAE A BT P R B A A T o X —
FAET L AL A R M B B AR 2Z RN 7R AH B
SEM - VRIS AR 8 57 RIS R 1) 0 A B
BENLIF A B S, WIAEAR S 2, 25 ) e Ay
FICSRT A 1) A5 TR 53 A 1 M SR8 30 45 T B R
PR B FRAS 0 A B RE R A . o5 — 7, X
SRSy A B B AL DR E T I AL (s B
A 2 [) P9 B R T IS AR g RS, TR e s R
TW R TEmAL, A O A BB 37 7T AR
BRI, TS R A B KN FTE AR TE )
19 i 37 (Doicu #1 Mishchenko, 2018) . Doicu Fl
Mishchenko (2018) #&1ili, ZEX —1HE T, N
Maxwell 75 PR L4 S R SHEmOr REm vk, Wl gy
A3 1 ISRFET IR 195 Foldy-Lax
DT RRALN s 5 2 2RI TR Foldy—Lax J5 72 41 #E
15 2 1Y Dyson I Bethe—Salpeter 7 #2411 (Doicu
1 Mishchenko, 2019a) ; 28 3 2% 2 3 T Bethe—
Salpeter J7 & 41 1Y Wigner ZZ & 1) (Doicu FI
Mishchenko, 2019b). Frf5 25 2 #5225
— Ik, X — Ik i Mishchenko (2002) 4211,
-4 id Mishchenko 55 (2006) . Mishchenko (2010)
Ph K Doicu 1 Mishchenko (2018) “§iE— 2 444 5¢
o HAE I BTSN N R E 2D RR.

HOG, U, WL RIE T R
HUH S IL ) Foldy J5 FE2H »
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ik r;

E(r)=E (r)+> “—A(7.4) E(R) +

i r[
S5l ) E,
S, E(r) 308 F R, E, (r) 3R A4
YiTE r b9 3R, A (7, )R A, R) R
55 A EO R R O R E R A
S5 0 189 9 A A A O O A A 0 e b 5
B A ) - E(R) A T A
IS 6T A 30 1 S e A 0 PR B B T
S A (R ) E R T A
FUARH R IR S5 B A ) 5355
A6 1 SR TR AR PR 00 EE, 26 PR T IR
FEHR, AERUHRRLA N — oo LR,
AW Twersky L, X RF— U R0 STk 2 %
By, 85
E(r)=E,(r)+ > U(r.5)- E(R)+
S U(rk,) U(R$)- E(R)+
Z ,2 kzj U(r.k,)- U(RR,)-
U(R,3) E(R,)+ -
A, ?](”i’ §) = #2 (fi’ §)°

EAED &R Z T, MIEFE &St
iy, BRI TSE (r):
E.(r)=(E(r))=E,(r)+

%wa@.ammmﬁ
wi| U(k,)- U(R,3)-
E(R)ERd + -
PUBAITF % € (r):
C ()= SUEWL, @ {E W], +

nofnzz {E(r) }A, ® {E*(r)}B’(PRi +
ngf,)zz {E(r) }A” ® {E*(r)}B”d3Rjd3Ri $ s

(12)
b, AMBAEGHASES, TR HME
Wy FEN — o BYELLT, Al AR ) R

R 078 51
C(r)={E(r)} ® {E"(r)} +

n) LE(), ® (B ()] @R+

mif LE(r)), ® {E"(r)} CRER, +

(13)
G P, T LKA T 504 S BT B4 A
AT 2R
C=E QE +(c,®e,)=C +C, (14)
EMEHERN [ XA 9 20 B JH BB H
B E(r) A E* () 7 47 A0 ) B ML PR R
R BT L HE B A5 B 56 T LA T OF &
S (r GBI, HEAAEE T RIS
PSS ES Ty
AARE) — o K (@)1, (rd) + 2G5, (1) +
i (15)
no| 230 1(rd)

209 + EW

NI B U2) B PH R
* T ) Mo _Eﬁw_zw
i(zw - Eﬂw)

A M F 40 0 H R BE B s 1(r) = DIL(F) =

’Ec()(r) ’2 + ’Ew(r) ‘2

1le BB |y s
2Bl B, (r)EL(r) - E., (r)E}(r)
[ EL(rEL(r) - E,(r)EL(r)]

AR AR 320 1 LU RE B R o 3K LAY L o8 3 41 Ok
it HA 5 Stokes KA R B P B X o K(G) M H
I, Z(G, HFZ(G, §') NI,

TEAR R Lk R B AR A s it Ie . 2 W nd
AT LA B B AR AL T

dl,(r.q) v Cw an
T = on Ly (r) + 4 (@)L () +

S (4 1(rd))

DU BT F o B 91 O s B 4 o b it T DGR B R
AEAE P4 11 R0 R b o b o PR R

5o i LRGBS i S A L, X
HTHE MRS (1) BT RS K
EIFAHESRERIIN T A, kAT
XTS5 TR B A R A, DA EE G T 22 1) g

(16)
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WY ) 8 (Mishchenko, 2014a); (2) A F4K i
“SEFT B “RZR” BIMES (Mishchenko, 2014a);
(3) T SEA5 B K ft 5 S A% i 7 R FAS B A e A
BT e, WINAF & &% (Doicu Al Mishchenko,
2018; Mishchenko, 2014b); (4) H#EHIER—
WA, ANEARHE IRt UM (Mishchenko
45 2004)

A E IR AT T A, A
R HE SR, 7T L3 % Doicu Ml Mishchenko
(2018, 2019a, 2019b) , LA M A5 & 2%, W0
MishchenkoZ% (2006) #1 Mishchenko (2014a) %,
63X —HESF AR I, Doicu % (2020a, 2020b)
5 B S DO 3 il () s, E— 2B AbBE T A
e I AR S TE .

AR, A 58 3 2R R R A IE I vk
W Yang 55 (2021) M EHURHA Y HUR 76 RS 3305 A
T, G55 Fae R EORE 2 2 B R 1 SO e R
BAF, EAEHAREMAERT, S5 E
THTEHAHTH SR RS K, Wil (r)
JIT G J 1 O He A T R

dI,

o= K, -1 1
ds ext c ( 7)

Kb, KRR, TUFER, X (17) 64
LT 2w S A E e e e, M
HEEAR, X (17) J& M Maxwell J5 F4 i A& 1
AR, MR LR T e R

TEE R R, AR I BRI SR R 4
T (74 4 S r (i FH A 328 3 30 ARURIT ISR A 2 ) ik 57
TR MBRIFAN BB AT s Jioh, i i
PRV R B M —A . AK—" 5 S0 0H, JLE A Be
W22 JEAREGT, 3 w2002 JEORRE IH 556 7 52 i
EFXTIX SEEIE , ] A Maxwell J5 2 20 4 515 2] 45
SHE&E TR, AT E PRI

3.2 HERER

Mishchenko 55 (94 5, UL B T 68 59 1% B i
TER LA B b i aE TP, (BT 3R 45 1 B i 2L
EVEHE . Ry 7 ARAG e R 25 R, KT
S B BACSRT ARE AR J3 A A7 OO0 0T B S A i PR 3
PERYSEm , EEAMWMITE . —E TR
BRI (EHOKR M Maxwell J7 R4 BYEUE
BN, R RIS A e o3 A R AT R A ) ) 52
SR

Mishchenko 2 (2007) LA S Mishchenko Fl Liu
(2007) i FH & in T 45 kG ff >R AR EROE DX Sy
BEL A A5 158 AR R R ERIE R (Anl&l 3 fiR )
i A0 A R R O R, SO0 B 2 R i
ZHRFTUT RIS 4 o S8R FH A A SO 7
1—240, XF R 425 ol 0.1%—24%; B4
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Fig. 3  Conceptual illustration of a random distribution of

spherical particles within a spherical region

Tseng Fll Huang (2007) FEZEMRIMEE R ¥
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Radiative transfer: From phenomenology to first principles

WU Zihua, QIN Qiming

Institute of Remote Sensing and Geographic Information System, School of Space and Earth Sciences,
Peking University, Beijing 100871, China

Abstract: Radiative Transfer Theory (RTT) is one of the essential foundations in astrophysics, engineering thermophysics, computer
graphics, biomedical imaging, and remote sensing. RTT is particularly widely used in the field of quantitative remote sensing. However,
classical RTT is a phenomenological theory based on heuristic summarizations of experiments instead of being directly derived from the first
principles. Given the ignorance of the wave property, RTT cannot explain interference and diffraction phenomena, e.g., the well-known
coherent backscattering.

The root of RTT dates back to the photometry study by Bouguer, Lambert, and Beer. Von Lommel and Chwolson are believed to
propose the integral form of the Radiative Transfer Equation (RTE) for the first time in the 1880s. Afterward, many other scientists,
including Schuster, Schwarzschild, Eddington, Milne, Gans, Sobolev, Chandrasekhar, Rozenberg, and Tsang, contributed to the establishment
of RTT as a strict theory. However, classical RTT implicitly depends on the assumption of independent scattering, which fails when applied
to dense matter. It requires the first-principle approach to bridge the gap between classical RTT and classical electromagnetics and extend the
application of RTT. Three ways can be applied: (1) direct derivation, (2) numerical simulations, and (3) controlled experiments. Direct
derivation of the RTE from first principles (i.e., Maxwell equations) is the most fundamental approach. Mishchenko and his colleagues’
derivation is currently considered the most rigorous. This derivation is primarily based on previous research on multiple scattering of
electromagnetic waves, to which Foldy, Lax, Twersky, and many others have made significant contributions. Mishchenko et al. managed to
derive the RTE from Maxwell equations for both coherent and incoherent intensities under the condition of plane wave and discrete random
media. The derivation proves that RTT is not a disconnected “island” from the “mainland” of classical electromagnetics.

Besides derivations, numerical simulations and controlled experiments help reveal the connection between RTT and numerically
exacted computational electromagnetics. In these simulations and experiments, the RTT and electromagnetic computation results are
compared under different conditions. Results show that RTT can yield satisfactory results when the volume percentage of scatterers is low.
Some corrections, e.g., the Percus-Yevick model, can be introduced to compensate for the errors of RTT when the density of scatterers
further increases. Based on these studies, some efforts have been made to extend RTT to the case of dense matter. Notable achievements
include the DMRT and the R*T” theories.

Although these studies are still limited to some ideal situations, they have provided some guidance for the mechanistic revision of RTT,
thereby expanding the scope of its application. On the contrary, the combination of radiative transfer methods with computational
electromagnetics becomes a research direction of interest, along with the development of computer performance and the improvement of
relevant algorithms. At present, different methods are used in quantitative remote sensing for different wavebands and different research
objects: for example, optical remote sensing and microwave remote sensing for vegetation or vegetation remote sensing and atmospheric
remote sensing. Although the names of the methods used are “radiative transfer,” they are based on different assumptions and approximations.
The combination of RTT and computational electromagnetics is a promising approach to unifying the remote sensing modeling and
inversion studies of different wavelengths and objects.

Key words: radiative transfer, phenomenology, first principles, classical electromagnetics, Maxwell equations
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