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Figure 1 (Color online) An illustration of the theory of transformation
optics. (a) A field line in free space with the background Cartesian coor-

dinate; (b) the distorted field line with the background coordinates dis-
torted in the same fashion (The figure is cited from ref. [15])

BURRR A 25 A KA B B H B BE SR L T R A
J 5 JE AR AN R AR AR DR, AR AR B
PR A F2WE5H), AR IT N TERPE. R
X6 T 0 R RE T 5T 3 0 O T B T B R A R U,
XA 1) — A d5 B AR AR A T DA A — S B S
PHAT RN T XA B SRR R, 2O AR
B H 1 A A B AT S, B G A B o A
TE 2 T LR 1 [R) — 31, WA AR 1E W B R IR R 43 AR
FEPH . 3K BRI M S AT FRAT T AR e T — SR AT
EERRE, N BIEmRE" | s
A T OATERADRG L, AT AR Al
TEARH R UAT R AT

ARG 22 B, AT AT LA R M AR B8 79 1%
1) G 2 A 47 AR SR BT T A R M 5. K S i e s 7
T HRE 37 S A5 A T A B R R R FE S, T
PAAS 2 5 5] F1 3 68 B 10 A 5 A L R RO R 5 R A
23 6 FR 43 A, T AT DL S PR7E 5236 8 B 2 51 T
4. Genova5 N"ELHL T RIKTES] J137 4 (32 50,
n: Plulizg) ., 5Ws |1 FIREZ 815, Narimanova
FIKildishev? B0l T Y627 B3R SR 1M, SCHK[19,2014:
HE A 2 TR 7R TR L B IS SR S P
0 G 55 25 3 B T A 2% PR 3 #0355 7 F2 B9 f . Chen %
A BUELHL T Schwarzschild 2 i #b 3 (9 5% ¥ 2 30 .
Grennleaf 2 A P25 it T — AN W BEHRIA . DL E T
PR 22002 3 F AU T AL 20004F 101, # 4k %
AL V) P AR A AR S 5 T AR A B
2R SCEL T SCRR 20100 BEE 7 %L AT A Bk
TR B AR ok B 45 Il B FRLRG D, AR SO A B
X HL R ORI AR R 99% DL 1. Z R, X



BR[24,25 AR TE T 201 B AE S0 50 == i SE 8. 2013
AR, Ut TR POE O A B ST T AT R A
AR P51 50 A e O, ST X ] I
JE R, Naify 25 A P7F] AR AL T 77K il
LRI AR, BT AT P R 2 B

2 Unruhif) =24 BB S5 Hawking 57 5

JEERAE S| F13 T S R — > G L ) SR
WA, HYy PG, i H 2191948 E i 2%
AR A LI /N AR R SO TR IE S R, X T
F TR ARG 2 IR ADE L AE S| ) 37 25 il
J7 T EIBIETE, AT M H 32 B4 v A T S
X8 B 7 % SR BT T R R A O A9 5 A
FLIE N T BRI RS2 58 T T 9F S 25 I s i AU
1A B Y 1426 L 51 0 A R R 1981 4F Unruh P12 i 75
AR AL, R SRR R 51 ) SRR B — A SRR
FEREZA Wy L RE AR AL S v ) P R 2 L Sl e s
HEOEEE. TR PR A, 4 A Y I
LA, R ORE B R AR R D TR R — A
WA . AP A JR I B W B L AEAE P T B Hawking
UAE

3 LG 53] DA TLART 75 = R B P 2 24 £ JBE SR A 41
FeE R, PRGN B9 IRTE AT LIS 25 30k ([14,28]. A
JUTF 2 1) f JE AR B SO HUR AR A S Y. el
P HORH X AL AR R TR, v SRy I AR AR S 2 8 2 A R AR

Subsonic flow

Sonic horizon

/

Supersonic
flow

Bl 2 (MEEROR () Unruh B2 BRIRZR TR IR T B30 0 P e X sk
BR R, LA TR ) B B ST L, BT TR T E 0
ST e 7 DS R R A TR O SR R <R
Jr5 | HSCHk[29])

Figure 2 (Color online) Unruh’s proposal of a sonic black hole. The
fish in the subsonic flow region cannot hear the screams of those in the
supersonic region because the sound travels too slowly to propagate
upstream. There is a sonic horizon at the position where the fluid veloci-
ty becomes supersonic. Therefore, a sonic black hole is also referred to
as a “dumb hole” (The figure is cited from ref. [29])
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Recent progress on analog gravity and related issues

YU HongWei & HU JiaWei

Center for Nonlinear Science and Department of Physics, Ningbo University, Ningbo 315211, China

Of the four kinds of fundamental interactions in nature, gravity is the first known to humankind, but at the same time, it seems to be
the least understood. A self-consistent theory of quantum gravity is still elusive. Even though, the efforts to unify quantum theory and
general relativity continue, and recent researches show that analog gravitational systems open up new possibilities for our
understanding of the nature of gravity. The analog gravity provides us concrete non-gravitational physical systems to study the
quantum effects in curved spacetime such as the Hawking radiation both theoretically and experimentally on the one hand, while on
the other hand, the techniques dealing with issues in curved spacetime can also be applied to the analog systems themselves and shed
light on them in return. In this paper, we review various analog models that capture different aspects of the behaviors of gravitational
systems. First, we introduce the analog of the bending of light in curved spacetime with artificial metamaterials based on
transformation optics, which is an analog of a classical general relativistic effect. We then review Unruh’s sonic black hole model.
When the speed of the background fluid is faster than the speed of sound in the fluid, one creates a sonic analog of a gravitational
black hole. If the flow of an ideal fluid is irrotational, then the equation of motion describing the acoustic disturbance is identical to the
d'Alembertian equation of a minimally coupled massless scalar filed in a curved spacetime, which forms the foundation of the phonon
Hawking radiation in analog systems. Unruh’s sonic black hole model has become a paradigm for experimental verification of
quantum effects in curved spacetime, and there have been, in recent years, many attempts to realize it in analogue systems such as the
Bose-Einstein condensate, ion traps, optical fibers, and etc. Other related issues, such as the detection of modified vacuum fluctuations,
which are intrinsically related to quantum effects in curved space, by means of superconducting circuit devices, and the metamaterial
models of cosmological evolutions are also reviewed. Finally, we give an outlook for the future research.
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