#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150401

HEXE

Mo A B B IR S 5 B S IR M B R 5

i 3%,

RARE BAE

(BRI AR, 1 200444)

(2025 4F 4 A 30 BUkE]; 2025 4F 5 A 27 AU EMEHH)

ARSCHE T I LG AT | Xof 7 = TR 194 0 A0 0 < A O B G A BB S . e SR A e E 7 2 JE LY
SN PR R IR I T AR, TR R R B S AR R A A RO e R A DR BUE A R TR R
A FETE, RIS 7 03 A A0 T 7 2 R 9 R S R B (L o 2 I, S SF DO TR, 345 R S e R Sr
fEIC R —2, Bk T BUE D L rT e R, & TR G MR, AFTSEHH I T IR R A 00728 1k . W5 B 7 4
S5 e AT T, A A D A O i X R R o T (- R I S T A e TR R T A
(14 18 BT T I B T, L ROUR MO 125 S R IE [ R T S B0 B SR — 22 T e, TR
S AR AR AR AL, X R TR PR L 3B M AR L A e RO Y B (- AL SBT3 A B 2R S
AR A S B igp 75 2 JRTA 9 7 200 4 B T BB SR, O N AOR B BE R SE R IF S AR B T S5

KR AR, AR, EAe AT, BUETHE
PACS: 04.70.Dy, 05.30.Jp, 02.70.—¢
CSTR: 32037.14.aps.74.20250582

1 5 =

PRI MY T AR s R AR, HEsm K
11 AR et ok . B4 1 T 1974 A4
N BN L o = K8 B o | 5t S [P
SPBRRERIE R n SR ST e, X—RIEIR T
XHEFT T IR RS, AR TIEZ A
PRIREA IS, SR, BN R (A I 19 22 4 4
SR HC PRAE DR kg JEL A S ek B 7 0 T 5 e T
s R, SRR E S R A R T —
ANEE MG 5 1), PG| T AT AT iR
. B G T MR AR B TR 50 7 4 4R 0,
S FHENS RS | I ES R A R T B LA, O
RENNGRXT IS LU R GEAS B 1Y) LA

TERZEAUG| AR Unruhl? 7 1981 4F
P&t A 75 2 BRI RS AR S I TR AT . 7 7 R R A

* R A IRBRESA (S 12275166) W BRI
t BIE1EE. E-mail: ge xh@hotmail.com
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250582

TR PR R ASEALL A s 2 T R . 0 I A R A
e, T R A DX S AR U, T A
TR B <2l . Unruh 481, 7E0E
FEEETE RN, AT LOULIN 2] 5 28 4 FR A 2R Rl 4.

P A AR A SR 22 7 T S 3] S 50 1) v 3
BT ARZ 2% BTk, 4K Unruh 7 1981 4£7F
AR H 2SRRI BR | Visser X =
SERERL R FRNER G R SRR A B AT T B
B RGSE, R a2 5500 TAEFT T RS0
filh. i SEBnHOR YA, el e B - DX Hr L 55
FIE (Bose-Einstein condensate, BEC) i+ A
A St 11, 7 e ST 1 S5 30 T 5 2 ¥ 8k B )
4n, Steinhauerl 78 BEC &4 it i THHIE &
LR AN NI a=y UM ES NEE W 2 EE NP S SIS
B, BRILZAh, B NS o i 2 B Wt 1Tz
MERA R BB HR. BN, Ge fl Sinl ] 4F 52
TARRHS AR R 2 R, i S TR TR

http://wulixb.iphy.ac.cn

150401-1


http://doi.org/10.7498/aps.74.20250582
https://cstr.cn/32037.14.aps.74.20250582
mailto:ge_xh@hotmail.com
mailto:ge_xh@hotmail.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150401

WA BiJS, Wang 1 Gel® MIUFTFABEDIET (2 + 1)
A i 73 v g A R, PR LA BT Ge 45 P
ST T 25 M Zs v e 2 TR, IR 53T TR
A R IERTZS A H B A, Ge 85 010K P 24
TR T4 DA, JRR ARV T R 2 8
M Bk BRI G 2 be M) DR A R O s 2 v Y
Al g 12

B TGRS, P R T R B
19, AR 5 e i JR 1 2 B Wt A 181 ARG,
RIS 3 i A e BT Y REJZ (ergosphere) B, 7E4E
FE A AR LN 23R, DT 2 BB TR 1 e 4 R
. X — AR R R Zel Dovich M 4 i |
Jf- 1 Starobinsky!"” 1 Misner['S) 47— [l 34
Basak il Majumdarl'™ 3 3 {4 gl J7 2 A58 X6 g
e p 2 BRI (R R R SN AT T BRI A0, AR, @
TE SR AR DT R SC RELR X B B b 5 HIE
I E AR T 0 g B R X SR, Basak Al
Majumdarl'™ Bf FFAR AT I, A fiTE SO
AT REXT X A I G A T LGS L6 PEARPAE, 9] dn
TR I rh 1A A 2l 1 T8 JE T R IR iR i 1)
SR AR SC B ARSI — 25 1, S EE AR
(R oy eSS 1N B L o LU B el
Br, JEHRTIR S B 5 5 P BHL ARk S g
PRAEFIR SRR

ARSCHZEFUNTS - 565 2 15 BR A 24 SRR B JE AR
WS 51 3 WA A S R A e e 7 2 R R A A
JRPNB RS I 5 4 TSR R TR T
11 5E SRS R 5 5 IR
] P 3 7 R SR AR SR ; 5% 6 19 AR IR AT
B B BUE TS B AU RECS R D248 4 7
IS TAESA T B H RS ARMFFE T ) i1 7 e .

2 FERFENEREA

MG FHTR, Fa KT G R AU
R T B 5B TS TRZ AL, W T
WRIR AR SR 821 SR Y B APk . T
FE ORI R A FE )y BRI 7 ) AR it PR S, SR 5 1
FEBE Unruh® F 1981 4538 HY 18 7 2 SRR A 7Y
WA T EE RS EA. R A sh J12E &R
G2 TR AT R B A 2 1 R T e
RN, ARSI 2 B I T AR DG R A4 T R RE.

A R, BART R, AR e AR IR B —

AN, 32 DX P ) A R R s T ) R
{75 75 YA — PP 20 Jo vk AL 46 2 X2 4,
FAUFIETCERE R SCRXT e TR a5 7 230, 3T
XA, 75 SR A RIS | g R A il 3R
F“fe= SRS, MRS O Ty 2 R &
38, Bl 58 AT DIAE SC 50 = rh ALl LI 21 2 (T 5
TIPS R B A A A IR

FEH 2 AR R | 75 I (G484 T R mT LA i
— AR IS FE AR, BV 22 B 25
JETEFRARAE, BVESE p (U EE p HIpREp = p(p) ,
HIRARTCEEE | TOE, RIS o 7] LIS B A ¢
IR ETE R v = Vo BT IRIR R WA R A
Bl 1254 T R R IE S R FNRKCRL B

h T WS P AR AR, e A S i
O3 R S S /NS Z L, B R
p=po+p1, MK v =0+ v. HTHKKICHE
PR, SRS A AT DL R A A Bl R o RO,
B v = Vo . 452 T RRESLYE Ty AR )y R
TR B, PRI 0 — B I, X 2343 45
P ET oo B o G OC R ALl BT X
MG TR, AT LIS R ST p, , Zead
BUp iR 245 3 — 4 R & dE#4hah ¢ =
B I o0 Sl T .

iE— AT I, SR AL Rk Bl
AT AR S ian R L

Oy = Vl_fgau (V=gg™0,8) =0, (1)

TR FAEN T — AT s i) o 7ERH
B EIIAESEL (po, vo, cs) TEMARL (3 + 1) dE 1
B 2L E M g, THIY d’Alembertian J7 2. A7 3L
FE R g, B 75 22 2R, AR T 53X A A &)
(3 + 1) 4B A 22 L. R A EE B A i
TR BN 77 B ) B 5 S R AT AR = T
TR AR R R ITURH LRI A, A1 M P 2 B R B e B e
T ARG EFORESE, WG p. i v
DL U e 4, BARTE

(2 02 T
Juv = E ( ’ ) ’ (2)
Cs -v I3,3 »

HA I35 03 x SHNERE, f5F5 02 =v-v, v 3R
AT R AR R AR, RAEIRZMmIAS) )2
AP AEAXT IS TR, 7 TRz B A AL
2T HABE — S Y (3 + 1) gk e 2k i =5 L
(EESRES

150401-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150401
B 153
3 mHEEREERNLEIEL oy AL 1AL -
2c |r+|A] /e’

AR G el P AR Y 4 R A
FHRATHE. 25 B — e % U 1A 3l g 2 AR 0722,
BT AR IR A R R A B

A? + B? A2\t
2 2 2
ds® = — (1 -2 ) dt” + (1 — 02T2> dr

B
—2—dgdt + r2de?, (3)

Horr e 7S, AR B 25 R s B AR OC 1Y 4K
XA EOR T X1 SRR B v TR (r, ¢)
THEESEH . @R, — g5 TR AR bE
() 2 U 7 7E s B 3 T DABE AR Ak S A% )
v oc Afr FIFA IR vy o B/r. HARIE, ¥4 A
P T AR A ) B T i o, . WER A > 0, W0, $5
[ 376 5 Ji7 A ) 7 1], 7R AR DD ekt 1) S0 R A
RA<0, W o, 380 J5 e, FRoR A ) 5 2R
WEL BRI E S v, R B >0,
TR EA IEA A R, X TV B e ;
WA B <0, WAREA R E R, XTI
IFEE 5 e . KX FER RS R T P 2 R
R A, (AR TR (3) b AR B
W r Fl ¢ SR ARRR, ¢ SB[ AL PR, %R AL A
T (2 + 1) AR lieie e 2z 8, A T oy =
|Al/c, BEIZALT re = VA2 + B2/c. MR &
AR OCEE X, PR R 22 R AP Killing 4% &

S A RE AR A7 AE.
ST EERURASAS HARARAY, SARIDUR 7R (1)
A I3 B AL R
P(t,r, ¢) = e”‘“te”’"”R(r) (4)

BEX AR AR (1) (FEHER (3) H&idiz
B AT LISR R R(r) W R RE, fRIRR AR M) R

(-2 a (- 2a) ol w

2B 2 A? + B2
+ {uﬂ - ( - )] R(r) =0.
()
N ITEBUEIT ., IS AR (tortoise
coordinate) 7*:
dr* A2\
& - (1‘0273) ! ©)

L ARG A = Al /e BB ¥ = —o0o, 14 TC
AL 1 — oo BT B r* = 400 . SRIGHI A AYAE M)
RHG) = ViR I R() = GOV AL A
B (5), FIH S ARSI E L (6) i m Jr
(R

d2G(r 1 (dr\?
et Q(T)+4r2<drr*>

A2 (d
) (chi)] G(r*) =0, (8)

1
- (Azm2 + B?m? — ®m?r?
r

Q(r) =
— 2Bmriw + r4w2) 9)
FIABREI REL G(r*) B 322 H IR TH R — B 4L
Tt A A5 T0 S A 1) BT 364781 28 (Wronskian)
FEEL, SO T RS AT RO E
TEWL X r* — 400 (17— o00), FTHE (8) W LA
AN
d?G(r*)
d’l”*2
I R 18 e Y T i 1) 25
G(r*) = v 4 Re W = Ga(r®), (11)
FLAE 1 T elor” X AR, 55 2 T Re 1 Xf
TR, RIERS R
TE AT r — —co (r—rm=
2 (8) AT LA R
d2G(r)
dr*2
Horp 4 = Be/ A? Fon =2 BIATEL AL R F .
Tt i Py 1) 31 B 45 (ingoing boundary condition),
B 2% Sk A SRR A3, i r e Uy
Grt) = T mar Z GGy, (1)
Horr T2 5 258
L dGg* dG
SERISBIE TSI W = G — G -
M T (8) MYHARRIUR AL, W B — MR T
r PR TE e — —oo kb, R (13) THEAH3:

+w?G(r*) = 0. (10)

|Al/e), 7

+ (w—m)2G(r*) =0, (12

150401-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150401

Gy, . dG
W(—o0) = Gug = — G dr*I‘{
= —2i(w — m2y)|T]>. (14)

TR IR, BIW(G-00) =W(-00),
T DA 5 R ROR 5 R H E C 2:

L RP = (LY 2 )
w

MO <w<mybt, w—my <0, FILA
Rt b TAEEESR (15) Bz, DA 1 - |RI2 <0,
RIS 5 R B RS T7 [RI2 KT 1, KA 4w T X
R A SRR O, DR 2 SRR rh A CRE
MYIBRENR POk, ABHEIEARER G, Wik it
AER A, T RE R TE A DRI, T IE BE AR Uk
ORI e B 3 Teo5 1, I SEBL 1 RE i AL

4 KuINEEREA

TERERUR T, ORI A — - A RIS
e, BIVARARE F2 0 LEE A A A Bt 20
fle. SR Tk RS P AR, AT A
A AR L B0 S 51 171

% RSB A AT (7 S LR, B
SR SCE T A2 RO (08, T8 A(E DL
BRI LR A 05k o D

v=wv, +vy, (16)
Horfto, = v, IR, (LR
T LT UL, 5 B LS R A 2 e
SEA. ARHESE X, TERLSAL vy = . KA D =
(1301, ) OBV INZRAS RS HLTE. 0 (15
PR IERLT) AR AT 6 A

IL|? o (¢ —v7). (17)
SiBuN e N EPR Sk o3 S = N E S CA DA AR
_13(02—vf_)_ dc—wvy) 1
=5 on T an (18)

Foob 0/0n AL 2 B S

XA SR IR, PRy o = 2t
D WALT n = AV e, BBk S By
vy = |Al/r. RN (18) K, 743

3

gu=——7-
A
RS A < R AT Y BIE, 7 PR B 7R iR

(19)

Ty 551 1 gy BOF He:
3
T = 219133 - _2:/;/1’ (20)
Horp n 2 A B2, ks PR L2 WA H
FHRIAIR A <0, HHAYBEA NIE, FTUES
I EE Ty M IE.

1530 75 2 BN 0 SR Ty I, BRI S Fp A
WATE A R by AL 5510 BRI 2R,
FHEF R A AR IR T AR S AR B i k. X L
) i Ik v R R T S A T 1 3% (phonon
field) M7 S REIKY .

FES AT XK T 26 I R AN ™ A FEE
KK X (virtual phonon pairs). SX1f, 1E55
S, BT SR, A AP
KA T A Y3 i TR LA R 3 e AR e HE
th—ANFE A RETE AL ER, 15— i Af
REREIR B IMER, 1447 20 Jy 2324,

X T zE A A U 25 A 156, ki R ) 7 - Ak
R IRAG IR P 2 BRI v A S R B SR S T
AERFRERLSFIH, 75 AL N FR B 245 A A T
TICo5 A I 2 1 B e o, S RH L LIRS 1
AR RE . HEiR B AT IE R, A AL
TP, HAMERE IE R F SO HES R
AR Ty . XA R T, B TR Er
PR R TR

WHTArA, X — M GE AR K R kI
LA R G B e, T DA — A B A0 2 4R
T KA. X TR A R (1, fiidH
PO MRS A A4 5 850 e TR
WEB o-Z NS . X FREE N E 3@
¥, FERBE R T HCEAEST , P38 b et b
THE B B €0 7% PR HE 43 A RS 1

1

exp (kBET) -1

Xt FRAVOEFE R ERe 7 2 IR R 4, T 2%
BE AN IR R T T, PR S B R O R e i
T =Ty ; UK, TR UL Oy e, flidkL
THE AR RE R I FARRL TS5 A B RE B hw
M2k T AL A e 2 % R T HRERE =
A(w — mQy) . B X A R A R AR S A
(21) =X, ATRREIFE T 5 R (w, m) B9F3 L 4
B gy m 129

ng = (21)

150401-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 15 (2025)

150401

1
h(w mQH)} B 1'
kTy
hc?
2mky

(22)

Nw,m =

exp {

fRA 24 = Be/A2 F1 Ty =
AT

(-5 ) moeisst,

1

o exp {2223 (—Aw + mfc)} — 1'

2 R B FE 2E BAR BAT AR PE I, R 8 36
WA, BRIk S B ORI 28] A - 53 A N, T 2T
Ph—"MEIE R, RURTIE KA R 7 7F stk 2
B R BT T2

(23)

712
2mkg mBec '
R, BR8] B P R S Y S RE B D AR
P, B A RE i hw FELIZRE K B0 F 2505
W Ny m 25
P, =Ny m

- ol TI? . (@)

21kp mBc

5 4218 7 AR B Bl R AR R
AP RIS TR (8) OB

B ARSI V(") = Q) + i (o) -

2
= <f) (et gie =1 42/ HL QG
(9) A& ). o TR AHE, %0 B 31
SRR, DA IR AT BN FE A B UM R.
T AR BB, ekt B sy
B0 = ol )G Bl B R 5.
E X G (r*) = G(r*) Bl Go(r*) = dG(r*) /dr* | JR T
PR T AT —Bh i

d (Gi(r") Ga(r™)
- (26
dr <G2(7‘*)> <—V0(7“*,W)G1(7“*)> (26)

Horb, BRI Vo (r, w) 8T IR IR AR 10 AR AR 7. 2R
e (6) X0 (7) X Ly S aebs v . AR PRAR
P 1) L BAE T Y BRI iy = | A/ W5 3
r* — —oo, MZHICITIE r — oo BEHFE] r* — +o0.
ORI RT A T 3 FEAc Rt R eA T DAgE

Noym = (24)

* AR B BT X8, (r* — +oo) PIFETHTE IR X
WE.

T R G (r) S S EIE eR AR, AR L
I3 R BB AR Sy A R A SR R S A, FRATT
B Gy N Gy 435 o i SEER R RR: Gy = Re(Gh)+
iIm(G) il Gy = Re(Ga) +iIm(Gy) . X5 JFEARKAY
TIUEBRGFENA A VIICIAR S, HARAS

AIIFIR MY = [Re(G1),Im(G1),Re(Gs), Im(Gy)]T .

R4 (26) RBLHEREIL R S = F(.Y), 3

S NS ) R AL FEBUER T2, R
T EAH LA v B Vo (r*,w) . T Vo 2
r YRR, X T LMY T - B SCR R XF LAY r EL.
K BUE 5 B DRk A [l R b g —A> A, il
FH—AERn BUE AR A R (e o7 ik e
0L 75 1% 7E 6 3 Y IX (8] P ERO(E oK il 5 #E e (r)—
Tieger = 0 MRS B MO ARAS R N 64 o {8, FETAT 1155
Vo . WhZ/ NG AL BRAE SR AL 7~ ryg B DR, TR
r*(r) TERCAL A X B RT R . BARHY, 7EAT40(E
FAREF, FATH PR AR AR IR T PR 7 IR E
M I T AR vy, DT SR S 7E A AL AT 1T
B PRIEE B AR E .

R RZ TSR G, FATTRAT T RK45 J5
AT EUE R . X —Fh A& AP ()
B e A% - 1 - 2% SR AA 4% (Runge-Kutta-Fehlberg)
T BAE R O FAR BT R Vo T REAETE R
BE NS Ak DX BURE A R, REAE PR UEAS BE AT T £
R, BRI RS B, AT TR X R 2= 2
PR AN 20 1R 22 25 BRIV E O 1078 . FUp IX (A i g
F [ i, Fofrer = —20 Frx, =20, FHLARE
Pl — Loo MBI XK.

Py A A AR R A3 DX ) () 9 . 6 N3
Frre =rr, TINSEZE SR, B HAT 5 AR
TR B, BEREE sRBCER LA G (r*) o exp(ikr*) , H
k= w — m&y A A RO 7 (e
i A — 1k, B B SRR R B 1 R4 R IR

A

Gl(rrtlin) = exp(ikr;m),
G2 (rmin) = 1k exp(ikryy)- (27)
PR 3 S 5 B ) by 25 2 46 D iR 1 e S
WY (rn) 5, AT DWE S EE R S r AL
FESER T e, B ek BB S, FRATTH
BENINI T v = i AR fife B IS IR A S R

150401-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150401

B AR X, ARV BT 0, MRAAT i
THMPRZ: Gr*) = Ane™™ + Ague ™" . H]
MBUER T S 0 % 4 it (dense output) )
BERAR Gy (1) T Ga(r,y) , PRI IR A LU 26
PETT R FE A ST PRI Aip RIS IEHRIR Aow :

L= 1 * . GQ(Trtlax) ek
App = 5 <G1(Tmax) —0 ) exp(—iwr,.),
(28)
_1 " G2 (Timax) -
Aout = 5 (Gl(rmax) + 1w> exp(lwrmax)' (29)

TEAF RN T A S B W Ay R0 S5 I AR T Ao
J&, B 4428), TR SR R 2 A AL
(Y PN 1) 30 A5 A, T DB 42 U 37 B I I sy £
B 1. IBAAEH ST R IH— e B BT, B
RBCR MBS ZE0 T v LAE A LT AR -
R = Ao/ Ain, T =1/Ap. (30)
B, AIROREE TR A AT R, AT T
KR I UEALBR. e P OC R AR 5 £l
TS B A9 S 5T R BCR RS i 2R 5 T 2000 2 ¢
# (15) 2. ATETA TR RBR o T A
AT TEEUE R 2 R VP EN (B a0 1078 S 9%
) BT AR AR S SR A g6 7 BRI TN Y
HBHRSTIXE] 0 < w < mOy P, SRS 2 0 5
FRIRPIREHERT 1, X EEEA T A E ot
K. IR A 5 A TR T B E S R I T 2
fREE.

6 BA AREKE EA RGN

AT R EE TR B B R R 5 B R AL
SRR, e YR . BE IR
FH A SR, B A=k =1, IFBAL L5 8, &
c=1. Hfh =Bk E N: A=-0.2, B=—-0.04,
m = —1, XN — AN BB S () 75 2 TR . A i
T X SEBHT moy = Be/A? = —1, BATHA
PR N w € 0.01,2], SRFEA SN 200.

B 1 JR/R T 2 R = T, R R | R
B G 2R B | T BEATR w ARk, X sk IR T
T U 55 75 2 BRI AR E A P ) — SESCRRRAE, Rl 2
T U AN AT 75 2 TR Y A 22 T ).

— 7, TERAR X B (w < 1), AT LSS 2
SRBUR| B 1, B G R | T #EF 0. X
Tl 52 22 BH, IRA00 75 I LT 4 4 2 B ) 11 34

LB, R e 57 . Xl LABEAR A,
AR I PR G, 5 7 2 TR TR ) 5 22 RUE A
FUALL, AR P S 1) A A S, R T )
S PR I ) R I A S e R AT S U Y
L.

10F
08l
- — [R]
& 06f i
2 o4}
02}
ol -

0 0.250.500.751.00 1.25 1.50 1.75 2.00
w

K1 R REE R (F:4) SE M R B T (BL) B
AR A w 1AL
Fig. 1. Modulus of reflection coefficient |R| (solid line) and

transmission coefficient |7| (dashed line) as a function of

incident wave frequency w.
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Fig. 2. Amplification factor |R|? — 1 as a function of incid-
ent wave frequency w, the region where this factor is great-
er than zero (0 < w < 1.0) represents the existence of su-
perradiance, this figure determines the frequency range for
superradiance, with the upper limit corresponding to the
theoretical threshold m&2y = 1.
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Fig. 3. Hawking radiation power spectrum P,, (black solid
line) as a function of frequency w, specifically showing
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spectrum density calculated using natural units (h =
kg =c=1) and characteristic length 79 = 1, represent-
ing energy in units of hc/rq .
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Abstract

This paper conducts numerical studies on superradiance and Hawking radiation of a specific rotating
acoustic black hole model characterized by parameters A and B, within the framework of analogue gravity. The
standard radial wave equation for scalar perturbations in the effective metric of this model is solved numerically
by using an adaptive Runge-Kutta method with tortoise coordinates; this approach necessitates careful
numerical inversion of the coordinate transformation near the horizon via a root-finding algorithm. By imposing
appropriate boundary conditions, we extract the reflection coefficient R and transmission coefficient 7 in
a range of frequencies w. Our results clearly demonstrate superradiance, with the reflectivity |R|*> exceeding
unity for w <m&uy =1 (where m =—1 and 24 = —1), which confirms energy extraction from the rotating
background. The high accuracy of our method is validated by the flux conservation relation, |R|*+
[(w—m2u)/w]|T|* =1, which typically has a numerical precision of 107®. Furthermore, using the derived
Hawking temperature and the rotation modified Bose-Einstein distribution, we calculate the Hawking radiation
power spectrum P, , and use the numerically obtained transmission coefficient |7]?> as the greybody factor of
the model. A prominent feature of P, is its sharp enhancement (or divergence) as w approaches the threshold
m{2y from above, which is a characteristic directly related to the denominator of the Bose-Einstein factor. This
research also reveals that superradiant amplification and Hawking spectrum characteristics are significantly
dependent on the specific values of flow parameters A and B, even when the superradiant threshold mQp is
kept unchanged. This detailed numerical study provides quantitative results for the scattering and radiation

properties of this model, and also for strong support for the analogue gravity framework.
Keywords: acoustic black hole, superradiance, Hawking radiation, numerical calculation
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