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Wave function discord
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Linde’s proposal of a Euclidean path integral with the “wrong” sign of Euclidean action is often identified
with the tunneling proposal for the wave function of the universe. However, the two proposals are in fact quite
different. I illustrate the difference and point out that the recent criticism by Hawking and Turok does not apply
to the tunneling proposalS0556-282(98)07218-X
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The debate about the form of the wave function of the ,
universe has recently intensifigt—5]. Its most recent round lﬂT:f e's
was initiated by Bousso and Hawking] who claimed that
the tunneling proposal for the wave function of the ”nivers%terpolating between “nothing” and a specified field con-
leads to a catastrophic instability of de Sitter space with refiguration [9,10]. Arguments that the two definitions are
spect to the pair production of black holes. This claim WaSgquivalent were presented [ib2].
analyzed in Ref[2] and was shown to be unfounded. Linde e Hawking-Turok criticism[4] is directed against
[3] has argued that in models of the quantum creation of apqe’s wave function(2). They point out that while the
open universe, the Hartle-Hawking wave function leads toynti\wick rotationt— +ir may work in simple minisuper-
unacceptably low values of the density parameter, and thergpace models, it leads to disastrous consequences when in-
fore the tunneling proposal should be preferred. In respons¢,mogeneous modes are included. All such modes become
Hawking and TuroK4] asserted that with the choice of the \ngtaple, resulting in a breakdown of the semiclassical de-
tunneling wave function all perturbations about a homogexrintion of the universe. Linde has argued that this problem
neous cosmological background become unstable and thergyight he avoided if the Euclidean rotation is performed sepa-
fore this wave func_tlon can be meanlngfull_y defined only N rately for the background fields and for the perturbatiggis
homogeneous minisuperspace models. This led them to CORyt ng prescription of this sort has yet been suggested that
clude thqt the HartIe—Haw_kmg wave function is the only pro-,,4 /4 apply in the general case. On the other hand, for the
posal “with some pretentions to completenegs]. tunneling wave function it was shown [i3] that the gravi-
_While the level of rhetoric is high, | think that progress on a4ional and matter fields are stable and are in the same quan-
this issue may be helped by pointing out that what goegym state as for the Hartle-Hawking wave function.
under the name of “tunneling wave function” is in fact two ¢ the reader needs further convincing that the tunneling

completely different wave functions. The debate will cer-gnq | inde’s wave functions are indeed different, | would like

tainly gain in clarity if this fact is fully recognized. to illustrate the difference for the simplest de Sitter minisu-
Let me now briefly review the different proposals. The nersnace model where both wave functions are well behaved.
Hartle-Hawking wave function is given by the integfél In this model, the universe is assumed to be homogeneous,
isotropic, closed, and filled with a vacuum of constant energy
wHH:f e S, (1)  densityp, [14]. The radius of the universe, is the only
variable of the model, and the wave functigia) satisfies

. . . ) . the Wheeler-DeWitt equation
whereSg is the Euclidean action and the integration is taken

over compact Euclidean geometries and matter fields with a

specified field configuration at the boundary. The Euclidean-

ization is achieved by the standard Wick rotatiba; —i 7,

from a Lorentzian path integral. Lind&] suggested that the

Euclidean rotation should be performed in the oppositeHere,H>=87Gp,/3 and | have disregarded the ambiguity in

sense, yielding the ordering of non-commuting operat@sandd/da. (This
ambiguity is unimportant in the semiclassical approximation

| s 5 which | am going to use beloy. )
=) e 2) Equation(4) has the form of a one-dimensional Schro

dinger equation for a “particle” described by a coordinate

Finally, I introduced the tunneling wave functiaf which  a(t), having zero energy, and moving in a potential

is specified either by the tunneling boundary condifi8hor

by a Lorentzian path integral, U(a)=a%(1-H?z%a?). (5)

d2
— —a*(1-H%?

ia (a)=0. 4

The classically allowed region ia=H"!, and the WKB
*Electronic address: vilenkin@cosmos2.phy.tufts.edu solutions of Eq(4) in this region are
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FIG. 1. Tunneling wave function for the de Sitter minisuper-
space model. The potentibl(a) is shown by a solid line and the
wave function by a dashed line.

a

lﬁt(a):[p(a)]_”zexﬁ{iif

1p(a’)da’ﬁ_ui77/4}, (6)
-

FIG. 2. Hartle-Hawkinga) and Linde(b) wave functions for de

wherep(a)=[ —U(a)]¥2 The under-barriem<H 1, soly-  S'ttér minisuperspace model.

tions are . . .
and the continuation to the classically allowed rangeaof
gives

Tpt<a>=|p<a>|-1’2exn[r f:f Ipa)lda’|.  (7)

1
. . . : p@a>H"h =Sy (@ +y- (). (14
The classical momentum conjugateads p,= —aa. For

a>H"!, we have
The Hartle-Hawking and Linde wave functions are schemati-
(—id/da)y.(a)~*=p(a)y-(a), (8)  cally represented in Fig. 2.

We can now compare Linde’s and tunneling wave func-
and thusy_(a) and ¢, (a) describe an expanding and a tions. Under the barrier, both of them are dominated by the
contrgcting un_iverse, respectively. Thg tunneling bo“ndar\‘jecaying exponentialy, (a). For this reason, and
condition requires that only the expanding component shouldiye similar expressions for the probability of the creation of
be present at larga, the universd3,9]. But that is where the similarity ends. The

_ sub-dominant growing exponential, which is absent in
yr(@>H =y (). ©) Linde’'s wave function, was crucial in the derivation of the
The under-barrier wave function is found from the WKB quantum st'ate of inhomogeneous. modes for 'the tgnnt?ling
connection formula, wave funct_lon[_13]. Moreover, o_utS|de the barrlgr, Lmqles
wave function includes expanding and contracting universe
~ i components with equal amplitudes, and in this respect it is
yr(a<H H=y . (a)— > v_(a). (100  more similar to the Hartle-Hawking than to the tunneling
wave function.
, o~ . In conclusion, Linde’'s wave functiogy, and tunneling
The growing exponentialy_(a) and the decreasing expo- \yave functiony; are two different wave functions. Using
nential, (a) have comparable amplitudes at the nucleationthe term “tunneling wave function” for, and ¢+ indis-
pointa=H "1, but away from that point the decreasing ex- criminately, as was done, e.g., in Ref$, 3], has introduced
ponential dominate¢see Fig. 1 much confusion in the debate. The recent objection raised by
The Hartle-Hawking wave function is specified by requir- Hawking and TuroK4] applies toy, but not toy, and so
ing that it be given by exp{S) in the Euclidean under- the tunneling wave function remains a viable choice for the

barrier regime. This giveg6] wave function of the universe.
_ I would like to add that, in following this wave function
Yy(a<H H=y_(a), (11 debate, the reader should be aware that all three wave func-
tions are far from being rigorously defined mathematical ob-
yu(a>H H=y_ (a)—y_(a). (120  jects. Except in the simplest models, the actual calculations

of these wave functions involve additional assumptions
Linde’s wave function is obtained by reversing the sign ofwhich may appear reasonable, but are not really well justi-

the exponential in the Euclidean regime, fied. For a recent discussion of problems associated with
5 defining and interpreting the cosmological wave function
Yy (a<H H=Yy_ (a), (13)  see, e.g., Ref12].
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