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Event horizons for fermion quasiparticles naturally arise in moving textures in superconductors and Fermi
superfluids. We discuss the example of a planar soliton moving in a supeffigieh, which is closely
analogous to a charged rotating black hole. The moving soliton will radiate quasiparticles via the Hawking
effect at a temperature of aboufd, and via vacuum polarization induced by the effective “electromagnetic
field” and “ergoregion.” The superfluid®He-A thus appears to be a useful system for experimental and
theoretical simulations of quantum effects related to event horizons and ergor¢§iahs6-282198)05818-4

PACS numbefs): 04.70.Dy, 67.57-z, 67.57.Fg

[. INTRODUCTION statg, and which also support well defined elementary exci-
tations that propagate in a “curved space” of the inhomoge-
A black hole event horizon is the causal boundary of theneous moving condensate. The Fermi superfljiiosluding
exterior region of spacetime. According to quantum mechansuperconductojsare appealing candidates because their low-
ics, an event horizon emits Hawking radiatigh] and pos- temperature dynamics are described by quantum field theo-
sesses Bekenstein entro[®]. These phenomena lie at the ries similar to those in high-energy phys(&. Among them
intersection of gravity and quantum mechanics, and havéhe superfluid®He-A has the advantage that this superfluid
played a major role in efforts to understand quantum gravitysupports an effective gravity caused by some components of
However, the nature of the fundamental degrees of freedorthe superfluid order parametef|.
and the physics at short distances is still not understood, so There is one important obstacle to the formation of a ho-
basic questions about the statistical meaning of black holezon in a moving condensate: superfluidity collapses, i.e.,
entropy, the back reaction to Hawking radiation, the origin ofthe condensate disappears, before the corresponding speed of
the outgoing modes, and unitarity, remain unresolved. Morelight is reached. For example in the superfl@ide the Lan-
over, the effect of Hawking radiation is negligible for the dau velocity at which the condensate is unstable to roton
physics of solar mass black holes, since the temperature @icitation is smaller than the speed of sound and thus the
Hawking radiationT is extremely small £ 10 7 K). The  supersonic flow cannot be established. For fermionic systems
only conceivable experimental consequences of Hawking rathe collapse of the superfluid-superconducting state due to
diation at present would arise from evaporation dhgpo-  “superluminal” motion of the condensate was discussed in
thetica) population of primordial black holes. Ref.[8]. Therefore we have looked for a model in which the
For this reason models simulating event horizons in concondensate is at rest with respect to the container.

densed matter can be useful. The first attempt at a model of We show here that a “superluminally” moving inhomo-
this kind was made with a moving liqui®-5]. The propa- geneity of the order parametéoliton, vortex, or other tex-
gation of sound waves on the background of a moving inhoture) in the superfluid®He-A provides such a model and can
mogeneous liquid is similar to the propagation of light in simulate the physics of an event horizon and ergoregion for
(3+1)-dimensional Lorentzian geometry, and is governed‘relativistic’ massless fermions—the Bogoliubov-Nambu

by the relativistic wave equation quasiparticles. The “superluminally” moving soliton pro-
duces dissipation due to quantum radiation of the fermions
9, V—9g*'9,¥)=0. (1.1 via several mechanisms, which decreases the soliton veloc-

ity. Similar processes occur also for a charged, rotating,

The “acoustic” metric g**, in which the sound wave is black hole, where Schwinger pair production, pair produc-
propagating, is determined by the inhomogeneity and localion in the ergoregion outside the horizon, and Hawking ra-
flow velocity of the liquid. If the liquid moves supersonically diation lead to discharge, spin-down, and evaporation of the
a sonic “event horizon” can arise. A drawback of this model black hole. So both the superluminally moving soliton and
for the simulation of black hole physics is that ordinary lig- the black hole are quasiequilibrium, unstable inhomogeneous
uids are essentially dissipative systems and are very far frorftates exhibiting an event horizon.
the condition where quantum effects can be of any impor-
tance: this smears the effects that, s.imilar to the Hawking Il. RELATIVISTIC FERMIONS IN  3He-A
effect, are related to quantum fluctuations.

Better candidates are superfluids, which allow nondissipa- The spontaneous breaking of symmetry in the superfluid
tive motion of the vacuuntsuperfluid condensate, or ground condensate ifHe-A is characterized in part by a unit vector
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[, which points along the spontaneous angular momentum dfuotes when referring to the quasi gravitational and electro-
the Cooper pairs and determines the direction of the zeroggagnetic fields, since no actual such fields enter our prob-
in the energy spectrum of the Bogoliubov-Nambu fermionlem.

quasiparticle$9,7] _ The quantities, = A /pg andc”=v,: in th_e inverse met-
ric (2.30 are the “speed of light” propagating transverse to
. \/ 5 ) AR . ) [ and alond correspondingly. The magnitudes of tfée-A
E(p)= ve(P—Pr)"+ p_g(l Xp)*=. (2.1 parameters at zero pressure a1&=3m, .3, Ax=1.7 MK,

ve=55m/s,Ap/pr=3 cm/s. As a result the speed of light is

Here ve(p—pg) is the quasiparticle energy in the normal very anisotropic (in Cartesian coordinatgs ¢, =0.5
Fermi liquid above transition, withr the Fermi momentum X 10 3c;. The relativistic approximatio2.2) is valid pro-
andvg=pg/m*; m* is the effective mass, which is of order vided p—pe<pg and p, =|pxi|<m*c,. The condition
the massm; of the *He atom;A 4 is the so-called gap ampli- E<m*c? ~0.5x 10 3T,~0.5 K is thus sufficient for this
tude. approximation. This upper limit is still significantly lower

The energy in Eq(2.1) is zero at two pointp=eAwith  than the lowest confirmed temperature reached so far in the
A=pgl ande==*1. Close to the two zeroes of the energy ts)upe:jfll_Jid3H% et))(|pe|rimemrs1' ab?]!ﬂ ;Qﬂ( Thhe actual |0Vr\:ef _
spectrum one can expand [-eA and the spectruri(p ound is probably lower than this but at the moment there is
bgcomes that of a Eharg?di massless reﬁativistic(%grticlg_o reliable thermometry below 1Q@K [11]. If the energy is

* A2« SNiatinl i
propagating in a curved spacetime in the presence of an elefigher thanm®ct, “nonrelativistic” higher order correc-

tromagnetic vector potential: tions must be added in general. However there are many
examples(such as axial anomaly and zero charge effect
g“"(p,—eA,)(p,—eA,)=0. (2.2 where only the propagation along thexis is important, in

_ which case the only restriction is that&c T, so that the ther-
The “four-momentum”p,,, “electromagnetic vector poten- mal fermions are concentrated in the vicinity of the nodes.
tial” A, , and inverse “metric tensorg”” in this covariant If the T texture moves with constant velocity, then to
expression are specmied by gving their components in th@piain manifest time independence of the background one
coordilnate systemxf,x) wherex” is the Newtonian timé 1,5t yse the coordinate system which is at rest with respect
andx'= are Cartesian spatial coordinates at rest with respeg}, the texture. Let us from now on denote the coordinates in
to the superfluid: the texture frame by the unprimed lettetsx(), and those in
N . the superfluid frame by the primed letters’,&'') = (t,x'
(Po, P)=(=E, p), (233 +v't), wherev' is the velocity of the texture. The dispersion
N _ relation in the moving frame is obtained from E¢8.2) and
(Ao, A)=(0, peli), (2.30 (2.33—(2.39 simply by finding the components of the ten-

900: _1, g°‘=0, gik=cf(6ik—lilk)+cﬁlilk. sorsp,,, A,, andg”” in the new coordinate systeh:
(2.30 C i
(p01 pl):(_E +piv|=pi)1 (243
E andp; on the right hand side of Eq2.39 are the New-
tonian energy and momentum, and the indexppandl; on (Ag, A)D=(peliv',peli), (2.4b

the right hand sides of Eq&.33 and(2.3b) is lowered with
the Euclidian metrics;; . [Once the “relativistic” quantities 00_ _ Oi_ i ik 2/ sik_yifk 2pitk_ ik

are defined by Eq(2.3), the Euclidean metric plays no fur- g Logi=v, gr=ci(at - +cill U(% 4@
ther explicit role in the dynamickThe fermion quasiparti- '
cles actually satisfy the curved spacetime Weyl equation foNote that —

e
massless charged chiral sping¥s10|, although for our pur- Po=E=E’'—pjv’ is just the energyE of the

poses here all that is needed is the dispersion reldfd). quas_iparticle in the moving frame._ In the moving f_rame the
[netrlc tensor, and electromagnetic vector potential do not

In general there is an additional term in the vector potentia . L .

10! which i ional h di ¢ depend on time and thus the quasiparticle en&gg con-
[10] which is proportional to the gradient of thevector. o e The condition|E’|<m* ¢* which ensures the valid-
Also, the square of the Weyl equation contains extra terms;

in symbolic form it is of the type §—eA)>+ R+ o F=0. Itéff th?;ela*tw;stlc approximation becomes, in termskgf
Here R is the Ricci scalarfF is the electromagnetic field |E+piv'|<m*ci.

strength, andr is the spin(in our case it is the Bogoliubov-

Nambu “spin” of quasiparticles in particle-hole spacive

ignore all these extra terms in the dispersion relatd2), lUnder the Galilean transformation of coordinates, the tensor
since they are proportional to the gradients of theector transformation law for the co.varian(mot contrgvariar)t four-

. b . Y momentum agrees with the Galilean transformation law for the en-
and trlus are small in the texture discussed her&xVl, ergy and momentum of quasipatrticles, so the resulting components
R (V1)2. In principle these terms affect the propagation ofof p, are in fact the correct Galilean components. That is, it is not
the field, however, they play no essential role in the particleecessary to transform back to the rest frame of the superfluid in
production processes studied here. Hereafter we omit therder to correctly identify the Galilean energy and momentum.
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lZ gOO: -1, gOZ: v, gyyz Ci ,
g?*=c?sir? a+vi cog a—v?, (3.9

g*=ccofa+uvisi? a, g?*=(vZi-—c?)sina cosa.

d
t IV. PAIR PRODUCTION IN ELECTROMAGNETIC FIELD

v

The vector potential associated with the moving soliton
! gives rise to both magnetic and electric fields. In the soliton
! frame the electromagnetic field strength tenbor,=d,A,

1 —d,A, has the nonzero components

FIG. 1. Profile of thez projection of the vectoii across the F,«=Prd,Sin @, Fo,=vpgd,COSa. 4.2
splay soliton wall in a superfluidHe-A. This soliton is topologi-
cally stable and can propagate in the liquid without destruction. The invariant combination

I1l. MOVING SOLITON 9 =2 1
B*-E?" =5 F,,F,0"*g""

According to Eq.(2.2) the low-energy fermions move in 2
gravitational and electromagnetic fields simulated by fthe y 2 s v2
texture and its velocity. As explained above, to avoid the =viCiFo, (1— Zcod a a) 4.2

collapse of the condensate it is important to have the super-
fluid at rest with respect to the container, so we do not introgpes not depend on the coordinate frame. For any velocity
duce the velocity field;s. While the superflow is limited by there are two planes= *z,,

the critical velocity~c, above which the’He-A phase is

destroyed and the broken symmetry is restored, the velocity 2 B v?

v of the texture can exceed and can approach [12,13. cos a(zp)= w2 (4.3
Thel solitons are well resolved in NMR experimerjtsd],

and pulsed NMR can be used to accelerate them. where the magnitude of the electric field equals the magni-

Here we consider a topologically stable texture, a “do-tude of the magnetic field. In the region between these
main wall” soliton moving with velocity in thez direction.  planes, wher€e?>B?, the electric field induces Schwinger

We choose the so-called splay solitd] production of pairs of fermiongl5]. This leads to dissipa-
tion during the motion of the soliton, which gives rise to a
[=7cosa(z)+x sina(z), z=2z'—-vt, (3.1 friction force on the soliton even at zero temperature and the
soliton will decelerate.
wherez is the coordinate comoving with the soliton azidis For textures wheré\y(z) has equal asymptote&y(w=)

the coordinate in the superfluid frame. Since the exact struc=Ay(— ) at both infinities the situation is different. In this
ture of the realistic solitoh9] is not important for our pur- case the potentiab(z) =Ay(z) — Ap(= ) represents a po-
poses, we consider a simplified profile for this soliton, tential well for the fermions. The fermions formed by
Schwinger radiation finally occupy all the negative energy
states in this potential well. After that the radiation stops.
The filling of the negative energy levels will lead to a modi-
fication of the vacuum in the vicinity of the soliton. After
The thicknessl of the soliton is on the order of the so-called that the soliton with the modified structure will move without
dipole length¢,~10 w. The profile of the soliton is shown friction. In our case the potential well is unboundég(=)
in Fig. 1. =—Ag(—»)#Ag(—=>). The negative energy levels cannot
The vector potential and metric tensor in the framebe filled, thus the radiation will lead to the deceleration of
comoving with the soliton do not depend on time, nor dothe soliton until it reaches zero velocity.
they depend on thex or y coordinates. Thus the energy
E=—po and momentum componenpg and p, of the fer- V. HORIZON AND ERGOREGION FOR THE FERMIONS
mions are conserved quantities. The equati@¥ and(3.1)

give the following nonzero components for the vector poten- T the velocity v of the soliton exceeds, , the metric
tial: (3.4) describes a planar “black hole” with an ergoregion

outside the horizon, or rather a black hole/white hole pair. In
Ap=vppCOSa, A,=pgsina, A,=pgcosa, the frame of the soliton, the horizons are lightlike surfaces at
3.3y fixed positionz==*z,. These are given by an equation
f(2) =0, where the gradiem,f is lightlike: 0=g*"d,fd,f
and, for the inverse metric, =g?44,f )2. That is, at the horizons one hg&=0, or

- - z . z
l=—2z tanha+x secha. (3.2
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c%(z) “(z) log (v/c))
| v | 0 1 2 3
, | F | ' 2] = o
ct>v I L/ CeE>v LemmmmTTT co
| | - z] = 10°A
1 —_— .
| velocity of _ -1 front of Schwinger |z = 10*A
I . = ’ pair production z,,
! soliton v = .
: — 1} o
— -, £ . Izl = 10°A
T S
i z et
“Zn Zh = 3V lz| = 10°A
white hole black hole s “event horizon Zh
horizon horizon ;
FIG. 2. The speed of light in the direction in the superfluid

frame c*(z). Quasiparticles in the region z,<z<z,, where the

speed of light is less than the velocity of the soliton, cannot FIG. 3. Locations of the horizons, the ergoplanes, and the

propagate to the right in t.he frame of Fhe moving tgxt@he arrows — poundaries of the region of pair production by the electric field, as
show the possible directions of quasiparticle motion inzidkrec- a function of the velocity of the soliton.

tion). This region is bounded by the black and white hole horizons.

The ergoplanes—boundaries of the ergoregion—occur at

c? sirfa(z) +vEcoSa(z)=v?. (5.)  z=+2z whereg,=0, which yields
Thus 1-c%/v?
COS’ZCE(ZE): 2, 7. (53)
2 C2 l_CJ_/UF
v =0
cofa(z)=—>—>. 5.2
(Zn VE—C] 62 An ergoregion exists for this soliton onlyif>c, , so there

is an ergoregion if and only if there is an event horizon. The

The physical meaning of these horizons is revealed if on@rgoplanes lie outside the event horizdbs?) and outside
introducesc?, the speed of light in the direction in the the Schwinger pair regio4.3) unlessv is extremely close
superfluid rest frame. Any planar lightlike surfa¢avave  toc, [i.e., unlesw<c, (1—c?/v2) Y.
front”) is given by an equatiorf(t,z')=0, wherez'=z The locations of the boundary of the Schwinger pair pro-
+vt is the coordinate in the superfluid frame, afdis de-  duction regionz,, event horizonz,, and ergoplane, de-
fined by (9,4 c?*d,,)f=0. The lightlike condition on the gra- pend on the velocity of the soliton. To get an idea of these
dient 9,,f yields c?=(g'?'?)¥2 Sinceg'?’? =g?*+v?, the locations and their scale we have plotted in Fig. 3 the coor-

horizons[at g??=0 in Eq. (5.2)] occur where the speed of dinate z versus I_og&_/ci) for each_of these three positions.

light equals the velocity of the soliton?(z,)=v. The speed The Fermi velocity is at the abscisse3 (v /c, ~10°). Re-

of particles from the region between the horizons is less thafll thatd~10> A, so Fig. 3 shows that,, is smaller than

v in thez direction and thus they cannot propagate out acrosé03 A U”t". v~10c, . . _

the leading horizon. Furthermore no quasiparticle can enter 1he horizon has a “transverse velocity” because the light

the trailing horizon from the left because as it approaches its2ys on the horizon are actually moving in tkedirection.

speed drops to the speed of the soliton. So the leading This is because thé vector has arx component, so the

ture) event horizon is the black hole and the trailifas) speed of light is faster in the direction on the horizon. This

event horizon is the white holg-ig. 2). is analogous to the rotational velocity of the horizon of a
The horizons appear in the moving solitowifc, . Note  rotating black hole. To compute this velocity it is helpful to

that theE?>B? region (4.3) extends a bit outside the hori- introduce the “horizon generating Killing field’}*, which

zon, and exists even when<c, and there is no horizon. is tangent to the lightlike curves that generate the horizon.
The ergoregion is the region where a particle must gdSince it is spacelike on the horizon, the vector fieldis

faster than light in order to remain at the same value ofclearly not the horizon generating Killing field. Rather, we

(%,¥,2). This occurs wherg,;>0. In the ergoregion the time have

translation Killing fields, is spacelikeso the conserved “en-

ergy” can be negative even for a future pointing timelike X= 0+ Wdy, (5.9

four-momentum. As a result the vacuum in the ergoregion is

unstable to creation of pairS of partides, both with fUtUreWhereW is some constant which we call thexnsverse ve-

pointing momenta, with total energy zero. Put differently, the|ocity of the horizon. Since the horizon is a lightlike surface,

conserved energy can Ipositiveeven for apastpointing  , must be orthogonal tod,, so 0=0,,,X"(3)"=0ix
timelike four-momentum. FofHe this means that a state in + W0y ThUSW= — (Jix/Iys)n= (91 /v, OF

the occupied valence bafide., with the negative sign of the

square root in Eq(2.1)] has positive energy and thus can 1— 020

tunnel out away from the ergoregion, leaving behind a nega- W=0F \ /—2 Z (5.5
tive energy hole state. 1-cilv
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A lightlike surface generated by a Killing field is called a siparticle trajectory and not at another. A complete analysis
Killing horizon, so our black hole horizon is a Killing hori- of the particle creation processes will therefore require the
zon. The surface gravitx of a Killing horizon can be de- nonrelativistic treatment in general, although the extent of
fined by the equation,(x?)= —2«xx,, evaluated on the ho- the nonrelativisitic corrections will depend on the type of
rizon. Direct but tedious computation yields texture and other parameters of the system.

The existence of Hawking radiation in the black hole case

_dg*dz| dci/d g follows from the assumption that near the horizon the high
T2 h_( c7d2)l (5.6 frequency outgoing modes of the quantum field are in the
ground state as defined in a frame falling freely across the
or horizon. When the temperature of the heat batbrmal
component of the liquidis very low, this assumption holds
Vg v? /1—cf/v2 for the moving soliton in®He, since the “freely falling
K=q (l— E Tf/vé (5.7 frame” is the frame of the superfluid which is at rest with

respect to the containéand thus to the heat bathrhe pas-
sage of the moving texture through this frame is essentially
VI. HAWKING RADIATION adiabatic for the high frequency modes. As a result, the dis-
ibution of the fermions in the soliton frame remains thermal
and |s given by the Fermi functiofi(E’') with E'=E

—p-vn, wherevn is the velocity of the heat bath aritland

_ h p are in the soliton frame.
TH_27T|<B K (6.1 The vacuum is therefore not excited directly by any time
dependent forcing, but it is unstable to tunneling processes

wherek is given by Eq.(5.6) or (5.7). Note that, as in the arising from both “level crossing” and the Hawking effect.
case of Unruh’s sonic black hole model, the Hawking tem-The level crossing leads to Schwinger pair production in the
perature is given by the gradient of a velocity at the horizon!‘electric” field, as well as pair production in the ergoregion
However, in the sonic case it was the velocity of the fluid,that would occur even in the absence of electric charge in
whereas in the present case it is thaisotropig velocity of  analogy with the process outside a rotating black hole. What
the fermion quasiparticles. As long as the soliton velogity happens is that the Fermi sea is “tilted” in space, and some
is not too close to eithevg or ¢, , then k=vg/d, which  states under the Fermi surface near the soliton have positive
gives Ty=5 uK. This is an order of magnitude lower than energy relative to the Fermi surface far from the soliton.
the lowest confirmed temperature reached in the superfluiQuasiparticles in these states may tunnel out leaving behind
He experiments today, but is an order of magnitude highequasiholegor vice versathat are swept past the horizon.

The Hawking temperature is determined by the surfacd’
gravity as

than the temperatus€0.5 uK above which the nonrelativis- It was realized 16] shortly after Hawking's discovery that
tic corrections become important. the flux from pair creation due to level crossing outside the
The Hawking flux for fermions has the forfi] horizon corresponds to the contribution from states with
E<w in the flux formula(6.2). As Ty—0, the flux is extin-
Iexd (E—u)/kgTy]+1]71, (6.2 guished for states witlE>u, whereas for states witk

o o . <u it approaches the nonzero vallig the tunneling prob-
whereI” and 1 are the emission coefficient and “chemical gpjjity. At finite Hawking temperature the flux is modified as
potential” for the mode in question. In our cageis given  ngicated by Eq(6.2).
by To determine the actual magnitude of the Hawking flux

_ and “level crossing flux” it is necessary to evaluate the
K= PxWH€Ao(Zn) 63 emission coefficientsor so-called “gray-body factors’
I'(E,py,0,€) (o is the spin. These indicate the fraction of
each mode that is “transmitted” from its high frequency
form near the horizon out to infinity, while the rest is scat-
tered back across the horizon. These coefficients have not yet
@een calculated.

(neglecting the spin energywherew is the transverse ve-
locity of the horizon(5.5 andAy(z,) is the scalar potential
(3.3 evaluated at the event horizon. By way of analogy, for
a rotating charged black hole one has J() +e® whereJ
ande are the the angular momentum and charge of the mod
andQ and® are the angular velocity and the electric poten-

tial of the horizon. The quantit§ in Eq. (6.2) is —po, the ~ VIl. QUANTUM MECHANICS OF QUASIPARTICLES
conserved energy in the comoving frame of the soliton, NEAR THE HORIZON
which according to E(2.43 is equal toE’ — p;v whereE’ The temperature and chemical potential of the Hawking

andp,(=p,) are the energy and momentum in the frame ofradiation were inferred above by exploiting the analogy with
the superflwd We remind the reader that there is a constrailjawking’s calculation. It may be helpful here to exhibit the
|E’|<m*c on the quasiparticle energy in order for the rela-essential physics in a simple w@¥7]. Neglecting the spin
tivistic descrlptlon to be generally valid. In terms Bfthis  degrees of freedom, the wave equation for the fermions is the
constraint becomefE+ p,v|<m*c? . Sincep, is not con- same as in the bosonic case, whicteglecting the electro-
served this condition may be satisfied at one point of a quamagnetic fieldl is governed by the wave equati¢h.1). The

064021-5



T. A. JACOBSON AND G. E. VOLOVIK PHYSICAL REVIEW D58 064021

outgoing waves oscillate rapidly near the horizon. If we VIIl. DISCUSSION

choose eigenmodes ) . . . .
g With this moving texture model it should now be possible

V="Pe, (z)e 'EteiPxXgiPyy, (7.1)  to study some of the questions presented by black hole hori-
i zons. Hawking radiation, pair production in the ergoregion,
and neglect all terms without at least onelerivative, Eq. and Schwinger pair production are driven by the kinetic en-

(1.1) becomes ergy of the moving soliton, and the back reaction will be to
_ slow the soliton. The Hawking temperature is fairly constant
{2i[—vE+pxg™(2n)]9,+ 3 9*4(2) 9,1} We,p, =0. until, asv approaches, , Ty, goes to zero. This is unlike the

(7.2 evaporation of a neutral black hole which gets hotter as it
shrinks. It is rather similar to Hawking radiation from a black

The general outgoing solution is hole with a large magnetic charge which cannot be dis-
, charged and so cools as it evaporates and approaches an
Vz(z)=a exp{ 2ivﬁf dzr/gzz(zr)) extremal b!ac_k hole. o .
The radiation from level crossing in the ergoregion may

be observable with current technology, and the Hawking flux
at~5 uK is probably not too low to be observed eventually.
_ < i ) The Hawking temperature can be significantly higher if in-
with E=E—p.g™7/v=E—p,w, wherew is the translational  steaq of the soliton one takes a moving planar interface be-
velocity of the horizon(5.4) and « is the surface gravity wyeen3He-A and3He-B. The A-B interface has many ad-
(5.6 ) . vantages: it can be moved with high velocity especially at
_The outgoing modes that have purely negative frequency,,, T [18] and the thicknessl of the interface is much
with respect to the free-fall fram@.e., the superfluid frame  gporterd~500 A. This essentially increases the correspond-
are states below the Fermi sea, which is(@r neaj the 4 “gyrface gravity” and the Hawking temperature. But the

quantum ground state, as discussed above. Some of thesgynrelativistic” corrections also become more important
modes haveositiveenergy in thestationary soliton frame, o this requires further investigations. On the other hand,

however, so they may tunnel out away from the soliton.to, ynderstanding some of the principal issues related to
These modes fall into two classes according to wheher  event horizons, it is not necessary to consider a real system.
less than or greater than zero. WHEr 0, the positive en- Gedanken experiments can be made on mahel-A-like
ergy states below the Fermi sea can be locatedidethe  systems, in which the “nonrelativistic” corrections can be
horizon. Tunneling of these states is identified as due to levehade arbitrarily small.
crossing in the ergoregion, and includes the Schwinger pairs Horizons can occur in other moving topological and non-
when an electric field is included. Whé>0, the positive topological textures in superfluids and superconductors, and
energy states below the Fermi sea can only ebastindthe for the boso_nlc degrees 01_‘ freedom as well as fo_r th_e fermi-
horizon, so it might seem that they could never tunnel outOns. In particular, the orbital waves file-A—oscillations
However, this is not true because these states always have ahthe| vector—are analogous to electromagnetic waves. At
exponential tail that spills out across the horizon. That theyjow T their dynamics becomes relativistiz] and one can
must have such a tail follows from the fact that a purelydiscuss the propagation of such relativistic bosons in textures
negative frequency wave packet must be analytic in the upwith event horizons.
per half complex time plane. Equivalently, the mode func- As for other topological objects, an interesting analogy
tion ¥(z) must be analytic in the lower half complex occurs in the case of quantized vortices, which correspond at
plane. Analytic continuation of Eq7.3) across the horizon large distances to spinning cosmic strifd9]. The vortex
in the lower half complex plane yields has fermion zero modes bound to the vortex core. There is a
_ connection between the statistics of these fermion zero
0(—u)¥e(z,—u)+e "< 9(u)¥e(z,+u), (7.4  modes and the fermionic zero modes on fundamental strings,
which simulate the thermodynamics of extreme black holes
whereu=z—z,. The second term is the tail term. The asso-[20]. The Hawking radiation is absent if the vortex is station-
ciated probability current is the ratio of the squared norm ofary with respect to the heat bath: a stationary vortex corre-
this piece to the total squared norm, i.e., it ig?7¥/  sponds to a local minimum of the energy and thus no radia-
+1)~ !, where+ =+ for fermions and— for bosons.(For  tion is possible from this state. If a vortex moves with
bosons, the term inside the horizon has negative norm in thé&spect to the heat bath or if a nonaxisymmetric vortex core
relevant inner produdtThe distribution of particles that tun- rotates with respect to the heat bath, the spectral flow of the
nel across the horizofin this sensgis thus a thermal one at fermion zero modes lead to dissipation of the vortex motion
the Hawking temperaturérestoring#) Ty =% «/2mkg and and to an additional transverse force on the moving vortex
with the chemical potentiab,w, in agreement with Egs. [21-23. In some cases this corresponds to the appearance of
(6.1 and (6.9. After tunneling across the horizofso to @ horizon with nonzero surface gravitg0,23.
Speak, the partic|es are par“a”y scattered back across the Another interesting texture is a domain wall in a thin film
horizon. The fraction that propagate out to the asymptotiof He-A, where the vector which is perpendicular to the
region is the emission coefficieht of Eq. (6.2). film changes sigh24]. If this texture is moving the fermion

~a exdi(E/x)In(z—zy)], (7.3
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guasiparticles see an effective{4)-dimensional spacetime perimental and theoretical simulations of quantum effects re-
with black hole and white hole horizons and a curvaturelated to the event horizon, and may offer useful ideas about
singularity in betweeri25]. This is in many ways a much resolving the physics near a singularity.
simpler system than the one discussed in this paper, since
there is no ergoregion dpseudgelectromagnetic field.
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