BRI RRIE . =0

=%

Email: yfyuan@ustc.edu.cn
PERNZREARKZYIRHERRER

2023 £ 10 B 9 H @USTC

Rk MBS RNRE



Part |

I FHRARXF

Rk MBS RNRE



O TEIEH: FEHE_TEENVEIER

Rk MBS RNRE



O TEIEH: FEHE_TEENVEIER

Q ENMEN: RIFHZETE

Rk MBS RNRE



O TEIEH: FEHE_TEENVEIER

Q ENMEN: RIFHZETE

© Laplace-Roung-Lenz &5 Lidov-Kozai Hll

Rk MBS RNRE



O TEIEH: FEHE_TEENVEIER

Q EAFMNEE: RAFBHETE
© Laplace-Roung-Lenz k=5 Lidov-Kozai 1.l

Q 3IDJUER: BRFRE R A= HP AL FIE 5N

Rk MBS RNRE



TEEsN: FFE#EERMN/LEIER

HERENIAN: 1TERSAFHEE

FEYNMAN’S LOST
LECTURE

The Motion of Planets Around the Sun

David L. Goodstein & Judith R. Goodstein

Rk MBS RNRE



TR FEHE 2H9 LR

WRIEIRY =FhE X
o AERM MR (BR) ZMHMEENHBMML,

angles are equal

focus focus

Rk MBS RNRE



TEEsN: FFE#EERMN/LEIER
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EJL BAREE

Av
av 2 Av = F,At= GMGT;”PN
] 1 ,A0
A0 1A
Av A® ! 272At REL (12)
TZ
Avox Af (1.3)
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B5ER: BEENNEENS, ZERZEN—D
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TEEsN: FFE#EERMN/LEIER

IKER H R#E

5ABSINEREL, [ XENREE—1IFE/)\WIE1ED:

3(GM)? 1
FGR) _ _ ( 7402) p L (1.4)

Av
N A¢  FO® 3GMyp /1
2 F(New) — (2 r2
| Ae/,/’/‘: (15)
WA e B
2
Ap =~ GWG‘]W;/C (1.6)
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E{REN: RIEEHE

AR =38 T

IRIFTFRRARBIEBEE (Rosenbluth, M. N. et al, 1973, ApJ, 184,

907) : . )
_ 3 (Vo)
Elp, ¢] = /0 d’r [pe +po+ o (2.2)
KRRV ERE FBRLERE):
My = /R Prp(r) (2.3)
0
HAREZMHTED (0p,d9) :
SE— XMy =0 (2.4)
MHERE:
€+ % +9o—-A=0
=
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A BB E X

A= m = ¢s (26)

ERXHIERNE: BRIZETEASLTREGEHZFE, UR
BB oMy IR, SZEAREINARFNRASRNEREEZ

EEBRNEEERAEREE: FTF M, IR TEIENREK

ERFMRAISIA8E. BRI oM, BRI BAKREZEEIEARERR

AERRFEHZFENIRES, ERNEEERTIEN! EFH
T RSB NI Fr RIS | D EEIR 1FE T E ARSI EER
180,

EFRXEREMBT R XAEIILHIER (Yuan, Y-F. ; Narayan, R. ;
Rees, M. J., 2004, 606, 1112):

_OE _ 1 [ 26w
T 0My 1+42z(RY) VR
HA z(Rs) NEXICEARKREIS|I DL,
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TEIGH)

WERS: . .
o 2 2y 2
5 (P2t Py) — (3.1)

TERURENEENANED HIN:

oM L=+/GMa(1 — ¢2) (3.2)

© 2a”

BRI SE o, e EMTEBMIRD E, L — KL,
TE X Laplace-Runge-Lenz k= A:

k k
Az = pyL - mirrzv Ay = _me - miry (33)
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O HIiE: [L’Iﬂ =0, LAx)Iﬂ ::OaLAyafﬂ =0, {1 L,ﬁ # NIz

EE.
Q@ T [A,, L] = —A, [A, L] = A, [A,, A, = —(2mH)L, {8
BERSLTFRES H= —|E|, @RIRBEHRRE”

R = (g g 1) SE4ADRERS —BOUS

© FENEHEANIFEIHN“KE”R KN R? = e
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Lidov-Kozai 1l

BRH={Kaf: Lidov-Kozai ll#] (Tremaine, S; Yavetz, T. 2013,
arXiv:1309.5244), =M1t

i il =i 65,6 = — e
iy )il = —F/———=¢€4j 3 €iy €| = €ij )
]j GM@G, jkjk ! GM@(L ]kjk
. 1
L]ia ej] :mﬁijkek- (3-4)
EEHZE fROEN:
df daf
=[LH. 5= FIVH+ eV (35)
dj 1
g (xV;H oH),
7 GM@a(JXVJ +exVH)
de 1 .
E__GTM(JXVBH_{—GXVJH)' (3.6)
jre=0 P+et=1. (3.7)
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FEMRLEESE

o f/]\:l:*j_-/?\ ( ’12’13) = (‘Ta Y, Z)’
== 84T :

ds* = (do")? + (da?)? + (d?)? = gyda'dd  (4.1)

qufi;fm gij:diag{—i—l,—i—l,—i-l}
o IRAHR (2,22, 2%) = (1,0, 9),

ES D S

ds* = dr* + r*d9* + 1* sin 0° dp* = g;;da’da’ (4.2)
R EM gy=diag{+1,7°,r*sin6°}, Z[EAIIEBFH AR
TR RBVERR
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FEXAKETE (Minkowski) Z=|g]

BEREE () () = {0, 5", 22,3} = {t, 2,9, 2},
U”JE]L S5 (ERc=1):

A = —df + (do') + (do?) + (da®)?
= gwdx“dz” (4.3)

HAE g;w—diag{ 1,+1,+1,+1},
o BRAHT (TE)): {2} = {202}, 22,23} = {t, 1,0, ¢}
NI4T

ds* = —d + dr? + r*df? + r*sin 0% dy?
= guditdd (4.4)

XBSEM g, =diag{—1, +1, r, r?sin% 0},
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BRISFRES i == |8)

e Einstein 17572 (1915 & 11 A)
@ Schwarzschild fi#

-1
s> = — (1 — 2GTM> a® + (1 — 2GTM> dr* + r*d3
= gudi'd? = —dr’ (4.5)
BB =ERA -

guv =diag{—(1 —2GM/r), +(1 — 2GM/r)~1, r*, r? sin 0%},
LroocoE M=008, @DFFETE,
o BN ~ 3|HE

ds? = — (1 +2¢) d® + (1 +2¢) " di* + PdQ%  (4.6)
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BRXSFRE B =5 (8]

MRERIN=EAXEZM! - 510U
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ZHHETBi7 5=

o E;an g,ul/(:LA) ~ %ljj;& gb({f, t)
o JAMAIE:

V2 = dnmp (4.7)
o ERXETIBS| 1572

81 G
G,uz/(g,uua OG> 6>\809,Lw) = a4 Tyw (psp) (4.8)
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= HA == (8] AU EE AL FRYISE

o ETHINEA, WIOK FEMEREL (Miths)
fERERN:

T 1 dr* dr 1/2
S = dr = — G ———— d\ 49
/TO g /m ( Inv=an d)\> (4.9)

o FWHMEHARE L H (RE“HAE" )

1 dz” dz”
Les = 59— -~ (4.10)
o BN ITEEE- HIEEA A AZRE):
d oL oL
Fer T T (#:11)
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= HA == (8] AR FRYIS )

=S IR RAMEERIES) - 510 Et!
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MO DF A RIS F£585| /115 RIS

o FHHMEEARE (RE“RIEE )

1
Leff = 59,“,(1’\) dT dT (4.12)
o BRAI-FUMREAR 572!
d OLetr  OLett _ (4.13)

dr 0i¢ Ot

o Mtttk 572
o DI HE (BhEEIN)
[TXA4R: {¢} = {27}
[TXGERE: ¢ = d””jﬁ”
“DFE)” (B5I5E0) © N (BEY 7 S—RRMIBh &S0
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RXIFRE| 1117 PRI FROEE) . 5517 i

o HFWHIMKEAAE

26M\ [ dt\? 2GMN\ "t [ dr\?
2 =~ (12) () +(0-F) (%)

o\ 2 o (db\?
+72 (d)\> + % sinf <d)\> (4.14)
o FBIHEM (BRENFHHI)

2 2 2
2Lt = —1+ 2GM | <dr) + 77 <d9> + 1% sin 6? (‘Z’)
1

r dt
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BRXIFRE| 17 PRI FRYEE): 587

o MH-HIMEBERAEATE, RN TFIISNERLRE

At (N)
=— (4.17)
o =0 KMEMNEhHERLRE:
720 + 278 — 1? sin f cos A% = 0 (4.18)
0=m/2,6=0
o u=tARNENELRE:
(1 - QC;M> t = E = const. (4.19)

MR A=7, t=1, E BB TN FRUREHEES,
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BRFRS| B PRLFRYIEE): 5817
o 1= ¢ HAMENNFETIE:

¢ = L = const. (4.20)
L (RS X B F R URENBERBE.
o u=r AIEMENESTE:

—1 -2
(1—2GM> i — (1—2?‘4) M‘FJF%F—%Q:O

r 72
(4.21)
-1 -2
<1_2GM> - <1_2GM) ]\7472
r r r2
M 2GM\ %, I?
+3 (1 - T) B -5 =0 (4.22)
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BRXIFRE| 17 PRI FRYEE): 587

2GM\ [ dt\> 2GM\ ! [ dr\? do\ >
() (@) 0 () (%) =

(4.23)

(4.24)
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BRXIFRE| 17 PRI FRYEE): 587

I FES | HIZPIEEINA MR D HEZHE]:

o=17. (4.25)

(1—2€M>Z§:E, (4.26)

ﬂ% =L. (4.27)
(2 0
(4.28)

LE}—]*D/\ Eu L7 6)9 :77/20
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BRFRS| N PRLFHNIEE): 12 R)IEE)
XUETNY, BIRBSUBODTSE

?p = L (4.29)
1 [ dr\? 1
2<dA> = B -V (4.30)
1 GM I GMI?
54 HFEER
g = L (4.32)
1 /dr\? _ g
2<dt> — Ex- V() (4.33)
GM L2
Vi) = =4 (4.34)

L ABURENAEE.
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BRFRS| N PRLFHNIEE): 12 R)IEE)
LR 2B

M L?
Vin=- ¥+ .o

Classical Mechanics
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[XEXFIBIER (m#£0): V(r) = % _ GM % . G%[L?

=% | YEEthiRE
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Voo (mcz)
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Rk
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BRFR5| 1P RFE0IEE): EHIEIL)
o EHERH

1 [ dr\? 1 o
dvir)
dr 0
o MEBRMERM: A2V(r)/dr* >0
eGMr? — L*r. + 3GML? = 0 (4.35)
o XHEF:
re =3GM (4.36)
o WHMRENF:
L +VI* —12G2 M2 [
Te = 2CM . (437)
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BRIFFRE | iR B9 1ISCO

o REFRERENENEEN:
Fms = 6GM = 3r, |

Lys = V12GM
o W FH/NEERENE LK FIVEES

E? = E(rins) = 2V(rns) = 5

o IRFIIZRIF=BEER Ty

€ = ﬂ = 5.7%
1
o 5N =EEERITILE:
e= 3= Ma _ g 600
4mp
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[~ XARSHIERIPIRIQES

o 5| H41%%: MINMNEFWIRIE
o NA&IES|NIHFIIZHY

o JKEir H mR#ESN

o FIAEIFIEIR: Shapiro delay
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IKER H RBV#HE

ESHMDFNRNET 2

17d /1\]? E -1 GM 1 GM
2[6@ <)} “op et s 48
TERNK: uv= GM/r, X EXMD:
Eu GM\?
P (L> + 307 (4.43)

I RFAKEBRGFW: GMo = 1.5 x 10°m, r~ 5 x 10°m Bf:
u~ 1077, Bk, 3u® ~ 1071, AIERRILINLLIE,
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up = <GM>2 (14 ecos¢) (4.44)

L
RKAMELTE (e < 1):

2 4
Z;ZJru = <GLJW> +3(GLM> (1 + ecos ¢)?

GM\ 2 GM\* aMm\*
<L> *3(L> *6<L) ceosd
FHiIDEZINR 2B IENEHIANTH, EF/), ATUEBE,

& GM\? GM\*
dT;L fun (L> 16 <L) ecos é (4.45)

12

HIERER: uw=u +
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4
@ +u =6 <ij> ecos ¢ (4.46)

4
u =3 <GL]M) epsin ¢ (4.47)

2 2
u=1u +u = (GLM> (1+ecos¢+3<GLM) e¢sin¢>

- () {2 (9]
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IKER H RBV#HE

SEHR, B ,
[1 -3 <GM> ¢ =2nm (4.48)
L
2nm GM\?
o= T(GTM)Z ~2nm 143 <L> (4.49)

—TMHNEZERHEMAN (HF P = L?/GM HERIR):

2
A¢:6n<%¥):ﬂm}) (4.50)

SPKERN, BEEHRMBRN: A¢ ~ 43"
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JCEAES| NI HRNE

BEARRRE
<1 _ 2€M> % .y (4.51)
72% = (4.52)
dr\? I? 2GM
HMEHTE )
1dr (E 1 2GM
wa(z) —# (1-5) (45
2L u= GM/r:
2
ib;‘ + u=3u? (4.55)
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JCEAES| NI HRNE

BRI
u = ug cos() (4.56)
— B
d?u 9 9
102 + u = 3ujcos” ¢ (4.57)
u=u2(1 4+ sin’ @) (4.58)
SN
u = wupcos¢+ ui(1+sin® @)
= wupcos(¢+ a)
= wupcosp+ upsing - « (4.59)
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JCEAES| NI HRNE

Do = T/242u

Do = —T/2—2u

Aé = dug— 45’;% — 1.75"(SUN) (4.60)
©

HhXBHAIH1E Ro ~ 7 x 10°km,
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BEENPFE: BEH & HICEEKSE

58 faj 7+ B H B =K

IERE. TREAE=H#BHBFSL:

[o%

n

p =
I GREFH) :

n =

/)

% fle, ),

hgfeu

/ % Lt ) <p§):2> :

(5.1)
(5.2)

(5.3)

(5.4)
(5.5)

(5.6)



BEENPFE: BEH & HICEEKSE

58 faj 7+ B H B =K

sRiE FIFEXIE R T
3\ /3
PR = (87T> hn'/3 ~ nl/3, (5.7)
_ 3 L 5/3 ~ pd/3 (5.8)
U= B n’?, .
P8R o
P 50723 m" gu~ (5.9)
SEEFH AN ISR F -
e(p) ~ pe. (5.10)
2me 34/3
u = 53 Ph = Y hen’3 ~ /3, (5.11)
1 31/3
P o= U= hen!3 ~ n/3, (5.12)



BEENPFE: BEH & HICEEKSE

58 faj 7+ B H B =K

EEREEBRAT, ARENIKRSESHE.

¢r = 4sinh~! <pF> 4111{ Pr
MeC MeC

()]

(5.13)
L1 3 (&F
p = ﬁﬁﬂemBsmh <4>7
Lomec (oh h 5.14
P = w32 )\3 sinh &g — 8sin §F+3§F . (5.14)

HEES, 20 RS, (RAHZEESRITPEZFIL), PERZE
BARKZF SR, 20237
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BEH & IS TRSIE

Eu:, Lane-Emden F1E
FREBEMAERFONREZEETLENN:

% =67, (5.15)
128 o ZEIEN®L, H:
g =&, (5.16)
Hrh
_ M(G <77_1>} v P2, (5.17)
TERHHIRAFNZ T ERER:

XeE RN Lane-Emden FFE,



BEENPFE: BEH & HICEEKSE

BB ERNR
ERHEEN:

R=ag. (5.19)
)r”J’EE{Z'SEl]lu\ %jj :

R £*
M = / 4 p(r)dr = 4dmpoa’ / £20mde
0 0

C) Ky 3/2
= dmp, <47rG(7—1)> M, (5.20)
HBNERRR:
V3T m _
Moy =~ A@(MGJ;)Q:5.83M62M@, (5.21)

MNREAZRE. BMEBEE, p. =2, BEAERRER

Mcp = 1.46 Mg, SNEBEE, pe =56/26 =2.15, HBHRER
[RERN Mcy, = 1.26 Mg,
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KEE: FIKE

FUKE-ZRMMEARR (BEC) RE:

h
— 6.1
s (6.1)
2GM
9= 2 (6.2)
WeEERKRE
h 2GNm
A= —>1,= .
me = ' c? (6:3)
Ninax ~ Fg (6.4)
Mo ~ Wp (6.5)
A& SKER (Ruffini, R; Bonazzola, S., 1969, Phys. Rev. 187, 1767):
G
G = 5 T (6,0,9) (69)
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FRXSTEME IE 52 B8 XSS

HFENFIE=4E T REMIE BT,
Y4y e et (7.1)

IERBFXEMRSZFE Jo (Blinnikov, S. I. ; Dunina-Barkovskaya,
N. V. ; Nadyozhin, D. K., 1996, ApJS, 106, 171):

4
Jo(T, V) = it 21+ T
(7.2)
FIFD 7, B2, BT R TN HEmEN RS

0 81
nL =mn_ —ng = < ;;) . = 353 [,u?’ + 72 u(ky T)Q} . (7.3)

. S_ api i 87T3 2 7 2 2

T
12h3¢3

1
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FRXSTEME IE 52 B8 XSS

%ﬁﬂ%ﬁ%?ﬂE%%%%ﬁ%%ﬁ%wi

0 (1) = (1) = (b PR0) = 5 (b1 (1 7 ) 53000
(7.6)
NREER TR
8 8
u (1) = us(1) = 55 (WD) Fi(0) = 55 (D' (1- 5 ) Bi(0)
(7.7)
Atb, ENSREIRENYFIBZERELLEN:
() (D) Fy(0) 3
= = = 8
(1)~ n(T) ~ By(0) 4 (78)
MR ENBAARINRNEES RIREYCFIREELLERN:

w(D) ~ w()  Bi0) 8
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FHERHE

FHERT 1375 + 1.1 {ZFRINKBEE, MNFEREEFIEN
38 AEZA, BNFELATERNTES, RHEENICHHN
FEREBFHEXF. ROZSMTYBEEERTFHINSHES
58 EEEXBIIER (Pathria, RK.; Beale, P.D., 2011,

Statistical Mechanics, Elsevier)!

I B At ] T B eSS
WP eI A t<107%s T ~ 102K R AR
Kgs—iH t < 107%s T > 10K SEAHELAE R H5 A ELVE 46— 10
FH A 107% - 107%s  10% - 107K FHfEA A, S0 SR 7RI T 10% 45!
LEECLERER(DHEL TN 10712 10K HEFHTEBL O TGRS, ST IR
ZroH B 1077 - 1s 102 - 10K ZriRoy i 7, PG B RO A Y
FRs T E A Is 101K i SRS, TR R
274 1-10s 100 - 10°K v+ < ete, FH AL AR IE R T
FH A 10 - 10% 10° - 107K SRR IR
BB 10s - 38 J74E 107 - 3000K FRHATEF B FEETA
AMELH 1.8-38 JJ4 6000 - 3000K HHEEUT AR, 615 HE TR
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B LEkE<TIE

EFHBTIRER, FHEERHEDNERFNEEAETIENIR?
dJ = —8dT — pdV — Nd,

dp = sdT+ ndp. (7.10)
FHLIRIER N FIEIL, 55
dp  e+p d /up
=P (?) (7.11)
d d
17 [(e+p)a’] = a3£. (7.12)
AR, 195
sty =al® = —Ld(nd® 7.13
() =a{ et p-m) = ~Sawa). (13

2 0l: Padmanabhan T. 1993, Structure Formation in the
Universe. Cambridge University Press
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PHFE=

RIZETZECFINRERN T, BEHIINEEEEN:
si(Ts) = (1 +2x ;) o (T)) = %%(Ti), (7.14)

XEWR T IERBFINAFRTEM, ERBFEXZE, &
RAEFRUBERERN T, RRESHINSEEEN:

sf(Ty) = 5,(T)- (7.15)
RIE s = s, 125
T 11 1/3
Ti - <4> : (7.16)
PRFIRES TN ERELLEEREEZERN:
T, T; 11\ /3
?7 - Tf = <4> . (7.17)
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PHFE=

RS FEPM T BRNEEN:

4N\ 13
T, = (11> Temp = 1.945 K. (7.18)

InT,

3 x 108K

> Ina(t)

=10s
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=)

EFEFR (~ 1 2B, FHEINRE T> 10K, 5 F:
n+ve < p+e +7, (7.19)
n+e” & p+ie+7, (7.20)
n < pte +U.+1. (7.21)
o = mnc® 4k TIn(mp)3) — k, Tln 2, (7.22)
fp = mpc®+ k‘len(mp)\g) — kyTIn 2, (7.23)
Et, g FER, EfIRNHEEZLER:
__Q
™o R, (7.24)
Tp

hYRTHFEREA 7, ~ 886 ¥, 9K 14.8 b, BlZEHFE
ERH R C
-9
q~0.16e ™ , t>t = 17, (7.25)
£ t~ 3.7 min, FFHIBER, ¢~ 0.12, 75% FISH 25% 9=,
RlE PR REIR I



JeFIB#: CMB

BE-E5TEEREN:

p+e < H+1. (7.26)
IR .
ng = npneASef T (7.27)
_ M g g2
= (1 (7.9
2 T 3/2 ey
s= 4((3)\/;(1 —2q)n <T]:Li62> et T, (7.29)
1+2s—+/1+4
fio = 2 o Ry (7.30)
SEARENEE:

€H
i ()]
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by Ty ~ ~ 3000K. (7.31)
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