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The Einstein equation

r geodesics 4—‘

spacetime curvature ——» matter distribution

1
Ry,y — égu,yR + Agp,y = 87TG Tuy
L | | |
Einstein tensor Energy-Momentum tensor
’ cosmological constant
Solve for metric
v (t,X,y,2)
(10 components) i = 5 gudstde’ = gudohds’
( )
flat spacetime (Minkowskii spacetime): I Gz Gy Iz
Gy = 9zz Gzy 9zz
ds* = —dt? + da? +dy2 + d2? w 9yy 9yz

= —dt? + dr? + r*(d6® + sin? 0dy?) \ Sym. 9zz )
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Figure 23.1. , i .

Geometry within (grey) and around (white) a star of radius R = 2.66M, schematically displayed. The
star is in hydrostatic equilibrium and has zero angular momentum (spherical symmetry). The two-
dimensional geometry

ds® = [1 = 2m(r)/r]"" dr* + r* d*

of an equatorial slice through the star (f = #/2, 1 = constant) is represented as embedded in Euclidean
3-space, in such a way that distances between any two nearby points (r, ¢) and (r + dr, ¢ + {I.flf}] are
correctly reproduced. Distances measured off the curved surface have no physical meaning; points off
that surface have no physical meaning; and the Euclidean 3-space itself has no physical meaning. Only
the curved 2-geometry has meaning. A circle of Schwarzschild coordinate radius r has proper circum-
ference 2zr (attention limited to equatorial plane of star, # = 7/2). Replace this circle by a sphere of
proper area 4zr®, similarly for all the other circles, in order to visualize the entire 3-geometry in and
around the star at any chosen moment of Schwarzschild coordinate time ¢, The factor [1 = 2m(ry/r]™!
develops no singularity as r decreases within r = 2M, because m(r) decreases sufficiently fast with decreas-
ing r.

=i

(b)

Figure 31.5.

(a) The Schwarzschild space geometry at the “moment of time™ ¢ = v = 0, with one degree of rotational
freedom suppressed (0 = %/2). To restore that rotational freedom and obtain the full Schwarzschild
3-geometry, one mentally replaces the circles of constant 7 = (3% 4 7)7 with spherical surfaces of aren
472, Note that the resultant ometry becomes Mt (Euclidean) far from the throat of the bridge in
both dircctions (both “universes™).

(b) An embedding of the Schwarzschild space peametry at “time” ¢ = v = 0, which is geometrically
identical 1o the embedding (1), but which is topologically different. Einstein's field equations fix the
local geometry of spacetime, but they do not fix its topology: see the discussion at end of Box 27.2.
Here the Schwarzschild “wormhole” conneets two distant regions of a single, asymptotically flat universe.
For a discussion of issues of causality associated with this choice of topology, see Fuller and Wheeler
(1962).




Several known theorems on Black Holes

BH Uniqueness Theorem Israel (1967), Robinson (1977), Carter (1971)

Any static solution of Einstein's vacuum equations satisfying conditions (1)-(3) is spherically
symmetric and coincides with the Schwarzschild metric.

(1) it is asymptotically flat,

(2) it has an event horizon, and

(3) it has no singularities on or outside the event horizon.

2M dr?

ds® = —(1 — ==)dt* + ————— +r*(df” + sin” Od’ 1
S ( 7“) +1—2M/’r'+r( + sin“ Ody?) (1)
Similarly, for stationary configuration, the Kerr metric.
A inZ 6 Y
ds* = _f[dt — asin’® Od¢)* + SIHT[(TQ +a?)do — adt]* + ZdTQ + Ydb? (2)
where
A =1% = 2mr + a*(+¢%), > =r? 4 a’cos® 6,
BH No-hair Conjecture Ruffini-Wheeler (1971)

Regardless of the specific details of the collapse or the structure and properties of the collapsing

body, the resulting stationary black hole is described by a geometry specified by the parameters
M, J, and Q.
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Singularity

Inside of Black Hole

/ Event Horizon (= definition of BH )

Apparent Horizon
matter falling

null congruence

NN ¥

matter falling



Hawking radiation [Nature 248 (1974) 30]
“TSy U R—IVBHE

Law Thrmodynamics Black Holes
Oth BEHERRETIE T —5E EHEBHTIE, RSAXVET k—53F
Lst dE = TdS+ work terms dM = (1/8m)kdA + QgudJ + ®ydq
2nd 0S5 > 0 in any process 0A > 0 in any process
ard PEHTOLATIE T =0 RB{AAE | WENTOEATHE £ =0 REF6E
(Nernst theorem) (censorship conjecture)
mEDIEAE???

NS TEBZTZTTOEDEFHR = BHMNEFHRODRICEY, BET D Planck /770 TEGg5T

e Schwarzschild BH TlZ, BHOEHI?
BRES

T 1 B hed
- 8tM \ 87kGM

+m

EROMHFME

o Planck 24 —IJLITHGT BB E
T ~ (1)27)(1)2k) ~ 10~5(M., /M)K.

+m.
o BH DF& I 107 (M, /M) s, o
=97
e KEHEEMDBHICE ST, ChITFFFERHLIYETORL.
e 105g LATDBHASIFIMEE TICERT I T, BB L%

ST DORMETIE 1030 erg D/N—ZA FHV0.1 sk 75 5.
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Unruh (1981)
W.G. Unruh, Phys. Rev. Lett. 46, 1351 (1981)
Hawking Hawking
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° (irrotational) (inviscid)  barotropic

massless
° phonon




Unruh

1. Euler d =0
Ohp+V-(pv) =0, (1)
d
pd—‘tf =plov+(v-V)v] = —=Vp—pVo, (2)
(2)

1 1,
(975V:V><(va)—;Vp—V@—V(ng). (3)

° v=-Vo potential ¢
Vxv=0 — v=-V¢ (4)
e barotropic p P specific enthalpy

h(p) p Cs = g_];
() dp' _ pcidp 1

hip) = [" = . so that Vh=-Vp. 5
P = p(p') / p p 2

Euler (2) Bernoulli

—Op+ h + %(ng)2 = 0. (6)




2.

background (P, Po, o) (p1,p1, P1)

p=po+epr+O0(€), p=po+ep+O(7), ¢=go+epr +O(€). (7)
e barotropic
h(p) = h(po + ep1 + O(€?)) = hy + ¢ % + O(€?). (8)
.0 (1) Euer  (6)
dipo +V - (po vo) = 0, (9)
—;o + ho + %(ngo)z = 0. (10)
o1
01+ V- (prvo+pyvi) = 0 (11)
Oy + % v Vo = 0. — pr=py B +vo V).  (12)
° barotropic
pL = ggpl = gg po (01 + vo - V). (13)
e (13) (11) 1
—0, (gg po (D1 + o - V¢1)> +V. (Po Vo — g;) po Vo (i1 + o - V¢1)> = 0.

(14)



3. (14) scalar
e (14) (9) (14)
—p0 (9 +v0- V) 504+ vo- V) 61+ V - (0 V1) = 0 (15)
e (15) metric
_(Cg o U(Q)) _/Ug) _1/C§ —’Ué/Cg 2 9
o) L Cs o)
g;w = Cpo .................. , H = o | , \/__ pO
s i - PO i /.2 ij _ Y0 s
— Y 0ij —0p/ ¢ (0 2 )
ds* = g, dz* dz” Ckcpo [—( 2 _ d)dt? — 2v}dtda’ + da:ida:j}
= Ckcpo [—ci dt? + 65 (dx' — v} dt) (da’ — v dt)}
¢
1
Do = fg(?u (V=9 9" 0,9). (16)

§




4. Black-hole (16)  Schwarzschild

) cs =const., apg/cs =1 vh = (v(x),0,0)
(16)
ds* = —(c —v(z)?)dt* — 2v(z)dtdw
2 2
2 2 Cs 2
= —(c2 —v?) (dt 5 deaz) + o UZda:
o T
v
dr = dt — 2 Uzda:
2 d 2
ds* = —(1 — v(x2) )e2dr? + ‘ 5
c? 1— %
Schwarzschild
dr? _2GM
ds? = —(1 — 7n—g)czahfz + - 7 T r2dQ?, r
r 1— c?

’f’

Unruh sonic BH "dumb hole”

2
icsv G

(17)

(18)



(Schwarzschild BH) (sonic BH)
C Cs
horizon r=r, v(x) = ¢4 (sonic point)
photon phonon
30 km 1500m
Planck  (107%°m) ( 10~1°m)
= 1
e Unruh Hawking T = he? /8mhkGM
. h ov'

27k Or horizon
ov"/Or ~ ¢s/R (R horizon )

T—3x 10— 1mm
300m/sec R




Unruh

Laval nozzle

x A(x)
0
J = pvA = const.
1
502 + h(p) = const. Bernoulli
dp dv dA d
—p+—v+—:0, vdv—l—ci—p:()
p v A p
dp/p
¢\ _aA
c? v A
M =v/cs Laval Nozzle

M<1,dA<0 = dv>0
M>1,dA>0 = dv>0

(19)
throat (dA = 0) sonic point M =1

(19)




Horizon (Sonic flow)
de Laval Slot Nozzle

Figure 5.2: A sketch of a slot type de Laval nozzle. With a sufficiently high
pressure on the subsonic side and low pressure on the supersonic side, the
fluid will go into hypersonic flow with the sonic surface at the narrowest part
of the nozzle.
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BosefiiF, Fermifii+
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H | BF1 PHEFO0 EFI Bose #iF
D BF1 FMEF1 EEF1 Fermi I+
He BF2 HMEF1 EF2 Fermi I+
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BECDKIF
Anderson, Ensher, Matthews, Wieman, Cornell, Science 269 (1995) 198

FIG. 1. {Color) Images of the velocity distribution of rubidium atoms in the experiment by Anderson et ¢l (1995), taken by means
of the expansion method. The left frame corresponds to a gas at a temperature just above condensation; the center frame, just
after the appearance of the condensate; the right frame, after further evaporation leaves a sample of nearly pure condensate. The
field of view is 200 pm x 270 pm, and corresponds to the distance the atoms have moved in about 1/20 5. The color corresponds to
the number of atoms at each velocity, with red being the fewest and white being the most. From Cornell (1996).
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BEC Gross-Pitaevskii

e Bougoliubov(1947) U(x) Bose

—

U(x,t) = O(x,t) + V'(x, 1)

o O(x,1)
pxy) = (V(x)U(y) = N@x)P*(y) + glx—y) , @
o 1 Bose (x#y)

(ODLRO; off-diagonal long-range order)




o 2 Hamiltonian
2 —~

_ . h
H = /dx Ui(x,t) |[—=—V*+ KQEP(X> U(x, 1)

2m

1 ~ ~ _ _
—|—§ /dXdX’ Uit x) UI(x,t) Vix—x) U, t) Ux,t).

2
e Heisenberg
0~ .
h—V(x,t) = |V, H
h _ _ _
— (—va2 + Vext (x) + /dx’ \IJT(X/, t) V(x —x') U(x, t)) U(x,t)
N U(x,t) d(x, 1)
(]
A2
Vix—x')=gdx—x), S g = mha
m
Gross-Pitaevskii (1961,1963) Schaodinger

2

ihQCD(X, t) = (—hVQ + Vst (X) + g|P(x, t)|2) d(x,1)
ot 2m




Gross-Pitaevskii HFEIND Hamilton-Jaccobi{t,

50 W 2
zhaq)(x, t) = (—va + Vext (X) + g|D(x, 1) ) d(x, 1)

o A % modulus & phase |47 Eff d = \/n(x, t)eSx
o HEHV(x, ) EER
n(x,t)v(x,t) = i (P*VD — dVD*) =  v(x,t) = %VS(X, t)

21m

0

an+V°<V72):O 2 (1)
0 h N muv*

(1) [LEFDN, (2) (LHEBIHEN.
FEFRERFRDDTAKENE F, kinetic pressure Z IR THIE, (2) ITKREFER P = (1/2)gn?
& L7TiR B TETN D potential flow D3X.
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“Table-top astrophysics” (?)

BEC C ) C )

Black Hole | “slow light" Hau (1999/2001) Leonhardt  (2000)
Walsworth ~ (2001)

Black Hole | “sonic horizon” Garay  (2000/2001)
Supernova | " ¥ Hulet  (2000) Hulet (1998)
Supernova | “bosenova” Wieman  (2000/2001) (2001/2002)
White Dwarf | °Li in “Li Hulet  (2001)

Boson-+Fermion




BECZRH W7 Sy OR—IVKRDA bR—IVERDIEZE [Ring]
Garay, Angli, Cirac, Zoller, PRL85(2000)4643; PRA 63 (2001) 023611

White hole horizon

" Condensate cloud

FIG. 1. The tight ring-shaped configuration, with both black and
white horizons, and no smgularity. Arrows indicate condensate flow
velocity, with longer arrows for faster flow.
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FIG. 3. Stability diagram for winding number w="7. Solid dark-
gray areas represent the regions of stability. Smaller plots at higher
resolution confirm that the unstable “‘fingers” are actually smooth
and unbroken. Points on the dashed curve are states with horizons at
0, = * /2, so that the black/white hole fills hall the ring.
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FIG. 4. Stability digram for black/white holes of maximum size,
i.e., along the dashed line of Fig. 3.



Garay, Angli, Cirac, Zoller, PRA 63 (2001) 023611

(5] - 2 2
800 - 0O | LXOY<(©)
A @)
0 -1
600 (b)
~—__ ]
—~—_—]
w \ 4
400 (c)
[~ ] AN pat
S~
{d) TE
200 — ] F ek
S—
(e
0 T~ _—] . -
\'\/‘/—’
02
FIG. 3. Stability diagram for winding number w=7. Solid dark- WV \“VW"‘V”
gray areas represent the regions of stability. Smaller plots at higher REEIRET
resolution confirm that the unstable “‘fingers” are actually smooth &) S *"=ZE
and unbroken. Points on the dashed curve are states with horizons at W] VW “
#,= * /2, so that the black/white hole fills half the ring. HHRIT 1 AR
7 i
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[W WV |
FIG. 5. Simulation of creation of a stable black/white hole, and 0.3 ) 1
subsequent evolution into an unstable region. (a)—(d) are snapshots N L
taken at the initial time (a); at an intermediate time, still within the W -
subsonic region (b); when black/white holes of maximum size are V V\N v
approached (c); and afier a long time in that configuration (d}. Then G() -10 1
the parameters are changed along the dashed curve of Fig. 3 to enter 0/2r 0/2n

an unstable region (¢) and kept there (f)—(i). It can be observed that
a perturbation grows at the black-hole horizon, and travels right-
ward until it enters the white-hole horizon.
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FIG. 2. The tight cigar-shaped configuration, with two black-
hole horizons and a ‘‘singularity’” where the condensate is out-
coupled. Arrows indicate the condensate flow velocity, with longer
arrows for faster flow.



GEORGE RETSECK

CBTo92h—)b'\? — SEXEEEETIV

)L/ ZDIFMNCE, TS5y IR—ILDERIBTFEE FNERO—ADAICEIHMEDD L DIERTHD, K—FYJ
ANICEUEHEZERT ET LDV DO REEESNTLS. L) B ICERRZES | ERIT,

TREM BRICHAUABEBRRLTRNZRFICOVT, FERSEEDDERE

TlREL, REREEXD. FNCR-TBELTHES. KEHBIL
RER STVBETATRTENLND, BIERECRMROGBRE LD bE
LB, BRERIERND ERNERNEL B2, TS5y Hh—ILOS
ST EOHTEBDIE. &SICHNICTE> TED EFSEDTA
D [RDA FR—IU) (ST ZESRBFHEND (kDA hh—ILidT
Sy oR—ILERBIC, WEEREHTIZIORE). K—F> IREICHE
& LUTIERKEBBRT DR, AUDLIBERERDORAEE > TRRYT
=N PUENBBLESS,

ROA
Hi—ILD
ERitT

ED
wn

IS5 v IR—ILD

BRIGT
(GREDRD
R— > T REHIC
CHEEE LE3) .
TBHEEEE — Eﬁﬁ’"ﬂ BEOGCEEREE LV —T—[CL O THBBTEDL SHHREEED,
ok ® ZOBHEREDD YA I ORERET 5. WREOHABICL—Y—EE
- EER BIBTLICED, BREEERRLEHERLICH I DAR (FRLT

o [CHES) ZEHICENT CENTED, ERAHOBMIREIIEEREICE
THILNTELVD, SRAFHOBEIRERF=ZEI TEERGCA D
TWII%, RFICET<ALMICLAD ER—F 2V ITRHICIHET RN
HE<ED, BRELPTVESS,

W“_

FEY QDKL SFHBRVARAEDRMAGICERL TOKETFICE T,
—EDIREETERT 5 1RTNEFEHERETED. TOLSEFHEI
= T3voh—ILbE "BWEL" ICLEKSHEHDELTRDEL, BRIEF
DOHRICHDREETSICHANERREIRLPENT, ABICEA-TT
SNV R—FIHGFICLZESD, AT E<ARICEN > TR
eNB. RRTE, HARABEULTR—R - PA VY151 VRREEED
CEICEDIEDS. BERBDR—R - PA VY254 VERESEFHRN
EHEEMATVAIEYD, F—F/IRRELIICRRIET 3.

BRUAIVR
200653AS

T.A. Jacobson
R. Parentani




BECH T®Boson & Fermion® /5 ENEEER

Observation of Fermi Pressure
in a Gas of Trapped Atoms

Science 291 (2001) 2570

Andrew G. Truscott, Kevin E. Strecker, William . McAlexander,*

Guthrie B. Partridge, Randall G. Hulet}

to a temperature of 0.25 times the Fermi temperature by thermal collisions with B
the evaporatively cooled besons, At this temperature, the spatial size of the gas

is strongly affected by the Fermi pressure resulting from the Pauli exclusi
principle and gives clear experimental evidence for quantum degeneracy.
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Fig. 1. Two-dimensional false-color images of both 7Li and SLi clouds. At 7/T; = 1.0, the two clouds
are approximately the same size, but as the atoms are cooled further, to T/T, = 0. 56, the Bose gas
contracts, whereas the Fermi gas exhibits only subtle changes in size. At T/T = 0.25, the size
difference between the two gases is dearly discernable. At this termperature the 7L| image displays
distortions due to high optical density. However, these distortions are present only in the radial
direction and do not affect the measurements. The fitted numbers of 7Li and SLi atoms, M and Ny,
and the fitted termperatures are as follows: For the upper set, N = 2.4 X 10°% N, = B.7 X 104,
and T = 810 ni; for the middle set, N, = 1.7 X 105 N, = 1.3 g% 105, and T = 510 nk; and for
the lower set, N, = 2.2 X 104 N = 1. 4x 105 and T = 740 A, The probe detuning is a parameter
of the fits but \s constrained to vary by no more than its uncertainty of £3 MHz The fits result
in typical reduced-y? values of ~1.0. The uncertainties in number and temperature are due mainly
to the uncertainties in the fit and are roughly estimated by finding the point at which the
reduced-y? increases by 20%. The resulting uncertainties are 8% in temperature and 15% in
number. QOther sources of uncertainty are relatively insignificant. The size of each displayed image
is 1.00 mm in the horizontal axis and 0.17 mm in the vertical axis.
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Dynamics of collapsing and exploding
Bose-Einstein condensates

Elizabeth A. Donley*, Neil R. Claussen*, Simon L. Cornish*, Jacoh L. Roberts*, Eric A. Cornell*{ & Carl E. Wieman*

* JILA, Carpus Box 440, and Department of Physics, Campus Box 390, University of Colorado, Boulder, Colorade 80309, USA
T Quantum Physics Division, National Institute of Standards and Technology, JILA A231, Bouldes, Colorado 80309, USA

When atoms in a gas are cooled to extremely low temperatures, they will—under the appropriate conditions—condense into a
single quantum-mechanical state known as a Bose—Einstein condensate. In such systems, quantum-mechanical behaviour is
evident on a macroscopic scale. Here we explore the dynamics of how a Bose—-Einstein condensate collapses and subsequently
explodes when the balance of forces governing its size and shape is suddenly altered. A condensate’s equilibrium size and shape is
strongly affected by the interatomic interactions. Our ability to induce a collapse by switching the interactions from repulsive to
attractive by tuning an externally applied magnetic field yields detailed informatien on the viclent collapse process. We chserve
anisotropic atom bursts that explode from the condensate, atoms leaving the condensate in undetected forms, spikes appearing in
the condensate wavefunction and oscillating remnant condensates that survive the collapse. All these processes have curious
dependences on time, on the strength of the interaction and on the number of condensate atoms. Although the system would seem
to be simple and well characterized, our measurements reveal many phenomena that challenge theoretical models.
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Figure 5 Jet images for a senies of ryyg,s values for the conditions of Fig. b, The evolution
timeswere 2, 3, 4, 6, 3 and 10 ms (fram & to £, Each image is 150 ¢ 265 am, The bar
indicates the optical depth scale. An BXPANSIONT0 Buey = +2508, was applied, snthe
jets are longer than for the guantitative measurements explained in the text. The jets were
longest {that is, most energeticy and confained the most atoms atvalues of 7o, for which
the slope of the nes curve (Fig. b} was greatest, A tiny jetis barely vigible for

Tepee = £MS (@), Which is 1.7 ms before Ganspse. ThE images also show how the number
of condensate atomns decreases with time, The time from the application of dyens untilthe
atquisition of the images was fixed at 5.2 ms.
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Figure 1 An example of a ramp applied to the scattering length &, and a plot of the
condensate number M versus time after a jump 1o a negative scattering length. a, A
typical a(t) sequence. a, = 0529 A is the Bohr radius. The scattering length is jumped at
t = 0in0.1ms Tom &y 10 Zollapse, Where the BEC evolves for a ime veugne. The field is
carefully controlled so that magnetic-field noise translates into fluctuations in dggizpss 0N
the order of ~0.1ay in magnitude. The collapse is then interrupted with a jump 10 &yench,
and the field is ramped in 5 ms fo a large positive scattering length which makes the BEC
expand. After 7.5 ms of additional expansion, the trap is turned off in 0.1 ms, and 1.8 ms
later the density distribution is probed using destructive absorption imaging with a 40- s
laser pulse (indicated by the vertical bar). The increase in & from s, 10 8pan is far too
rapid to allow for the BEC to expand adiabatically. On the contrary, the smaller the BEC
before expansion, the larger the cloud at the moment of imaging. Thus we canreadily infer
the relative size of the bulk of the BEC just before the jump 10 8yeqy,. The density of the
expanded BEC is so low that the rapid fransit of the Feshbach resonance pole® during
the rap turn-off and the subsequent time spent at magnetic field 8 = 0(a = — 400a,)
both have a negligible effect. b, The number of atoms remaining in the BEC versus ryqy,
at 8.y, = — 30a, We observed a delayed and abrupt onset of loss. The solid line is a

fit to an exponential with a best-fit value of £, .. =~ 3.7(5)ms for the delay.
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FIG. 1. Time evolutions of the peak height of the wave function
|¢peak| (solid curve in arbitrary scale), the fraction N, /N, of the
total number of atoms remaining in the trap (dashed curve), and the
fraction N eppant /N of the remnant BEC atoms (circles). The dotted
curve is the best fit of the circles to Eq. (4) with £y, =3.6 ms
and Ty, =3.7 ms. At ¢=0, the s-wave scattering length is
changed from @y =7aq t0 @goiiapse = —30ag, where ag is the Bohr
radius. The initial number of BEC atoms is Ny=15000, and the
three-body recombination loss-rate coefficient is K3;=2
X102 cm®/s.
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Figure 2 The collapsa time £y, versus the scattering length to which the condensatais
jumped, &g, for 6,000-atom condensates. The vertical line indicates the critical value
of the scattering length, &, for A, = 6,000. The data were acquired with

8t = Bquenen = 0 {10 within ~24;; see Fig. 1).
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FIG. 3. The collapse time £ jjapse at Which implosions begin as a
function of |acouapse|/ aq, where the initial number of BEC atoms is
Ny=06000. At t=0, the s-wave scattering length is switched from
Ainit= 0 10 @giiapse<<0. The dashed line indicates the critical ratio

lagl/ag for Ny=6000, below which the condensate does not
collapse.
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FIG. 2. A snapshot of the column density of the imploding BE g il . >~

taken at 2.5 ms after the s-wave scattering length is changed frc

Ains=0 10 @copiapse= —30ag. The initial number of BEC atoms
No=15000, and the loss-rate coefficient is K3 =2X10"28 cm®/;
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FIG. 5. (a) The integrated column density p(x,z)=f|¢|?dy
seen from the direction perpendicular to the trap axis and (b) the
one-dimensional density distribution puya(z)=f|¥|*dx dy along
the axial direction. The s-wave scattering length is switched from
Aipir= 0 10 @egiapse = —30ay with K3=2X 1072 cm®/s, where the
images are taken at =33.6 ms. The images are smoothed in ac-

cordance with the experimental resolution (7 wm FWHM), and the
central peaks are truncated.
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Figure 5 Jet images for a senies of ryyg,s values for the conditions of Fig. b, The evolution
timeswere 2, 3, 4, 6, 3 and 10 ms (fram & to £, Each image is 150 ¢ 265 am, The bar
indicates the optical depth scale. An BXPANSIONT0 Buey = +2508, was applied, snthe
jets are longer than for the guantitative measurements explained in the text. The jets were
longest {that is, most energeticy and confained the most atoms atvalues of 7o, for which
the slope of the nes curve (Fig. b} was greatest, A tiny jetis barely vigible for

Tepee = £MS (@), Which is 1.7 ms before Ganspse. ThE images also show how the number
of condensate atomns decreases with time, The time from the application of dyens untilthe
atquisition of the images was fixed at 5.2 ms.
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FIG. 6. The integrated column densities p(x,z)=f|¢|?dy of
condensates and jets seen from the radial direction. The wave func-
tion in Fig. 2 is expanded by a switch of the s-wave scattering
length from acjapse = —30ag O @eypana= 100a,. The size of each
image is 48X90 um. (a) The image is taken Wwith fexpang
=3.6 ms. (b) The sensitivity of imaging in (a) is increased. (c) The
image is taken with f,,q=5.5 ms and with the same sensitivity
as (b).
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FIG. 7. Pattern formation in a prolate trap (left panel) and an

oblate trap (right panel), where the column density is seen from the t=90 t=97 t=1 1 O [mS]

radial (upper images) and axial (lower images) directions. The ini-

tial number of atoms is Ny=50000, and at =0 the s-wave scat- FIG. 8. Time evolution of the column density of BEC in an
tering length is switched from a;;;=400ag t0 @ gapse= —310aq. isotropic trap, where the trap frequency is w/27=12.8 Hz. At ¢
The ratio is w,/w, =0.39( \/§) with w, =17.5 Hz (9.03 Hz) in the =0 the s-wave scattering length is switched from a;,;=400a, to
prolate (oblate) trap, and the images are taken at t=6.2 ms(¢ Acoliapse = —310ag. The initial number of atoms is No=350000 and

=48 ms). the loss-rate coefficient is K;=8X1072° c¢m®/s.
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ARG R [IS—XPlEae—L 2V bh jet MFHEDEFEDER S (interference
fringes) (CEET A Z &M, /A=A
FEFIEIOE—LVFTHAS.
AR R Fmissiong atoms &, £ I{To7DM? |

o BAEIF—ERETTIELRL, BRUICAELECTWAETHAD. FORR, BEFEEICshellRD/4 —
UhEREINDTHAD.

o REBA/NAS A= n|aP ~ 103 THB Z &M5, mean-field theory HBATEETH S Z L ARSI N/,



Rotating Bosenova Saito, Ueda, PRL 89 (2002) 190402

“self-focusing effect” vs “topological constraint”

dipole FREMMNEEY , BN EET 555 . (a-c)iBB
DL . (d-f) 5l EF9F. monopole mode WMERZDIEES
(g)-(i).

PUEBAREMENEY, BlE2 DI split T 5,
PHRTHUEHT HEEMEYIREINE5E.
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BEC T Kerr BH

Visser, Weinfurtner, Class. Quant. Grav. 22 (2005) 2493

© |

B (C[E1#5Y 53 (non-collapsing vortex) FeE 2A O (draining bathtub)




Gross-Pitaevskii HFEIND Hamilton-Jaccobi{t,

50 W 2
zhaq)(x, t) = (—va + Vext (X) + g|D(x, 1) ) d(x, 1)

o A % modulus & phase |47 Eff d = \/n(x, t)eSx
o HEHV(x, ) EER
n(x,t)v(x,t) = i (P*VD — dVD*) =  v(x,t) = %VS(X, t)

21m

0

an+V°<V72):O 2 (1)
0 h N muv*

(1) [LEFDN, (2) (LHEBIHEN.
FEFRERFRDDTAKENE F, kinetic pressure Z IR THIE, (2) ITKREFER P = (1/2)gn?
& L7TiR B TETN D potential flow D3X.



BEC l:ﬁ, ‘5 h% Lorentz ?&#@E‘iﬂ Visser, Barceld, and Liberati, hep-th /0109033

GPHFER =  kinetic potential EH = BARLKMALRGK = BH7FOY-—
o — /T, JEMFE Schrodinger = 1AHRY, TERIZBEEFIC{EHE
e — T, Lorentzian metric = WHE, AREE INZ)L?

kinetic potential Z B9 (C, eikonal TLlZ 1TV, EERZ kDB &,

(w—i-F) =K+ (;ﬁ)%

o FERE Uy = —= = Vo + k
prings-4 g ak 0 \/Cgk2+<2i k2)2
S w k o 22 .
o (IFREE ?7p:W:<U0']€)]€+ CE—F 2 k

high momentum (k> k. =mc;/h & A< Ac =h/(mcs).) TlE, €5 5% unbound.

high momentum Tl&, 8ERIE TEEAN] HE EEFDRAICE.
(k) AR -E+mc§+0(l~c—2)
w = om Vo 2 .

BECICRR ST, G EEMNERLARTIL, causality z8E->TLV5.




Research Directions?

e ETILDIRE
BH+WH, BH formation, ...
NS models w EOS, multi-component, ...

« BELFE

pattern formation, rotation, observables, ...

fi'&, fﬂfz“'!?, EERA]REE,
SR AENDOZHE,
e alternative/LETHE
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