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Perturbation theory is the most common tool applied for calculations in quantum
mechanics and, especially, field theory. In weakly coupled theories, such as quantum
electrodynamics or electroweak model, calculations based on the Feynman graphs
(which represent a particular order in the perturbative series) are innumerable. This
approach has a solid theoretical foundation, and its remarkable success is no surprise.

There is a deep general question as to the nature of the coupling constant ex-
pansion. Half a century ago Dyson argued [1] the the series in a are asymptotic in
quantum electrodynamics. The essence of his argument is as follows. Consider N
charged moving particles, of one and the same charge e, assuming that N > 1. The
energy E of this system can be represented as

N2
E=NT + 7eQV, (1)

where T is the average kinetic energy per particle. The second term represents the
Coulomb energy: V stands for the average inverse distance between the particles,
V = (r~') > 0. The factor N?/2 represents the number of the interacting pairs (in
fact, it should be N(N — 1)/2, but this distinction is negligible at large N). For
positive o = e? the system is stable. However, if a becomes negative, then the
potential part of the energy E becomes attractive, and at sufficiently large N it will
always take over the kinetic part. Thus, at N > N, = —T/(V«) the energy E of
the conglomerate becomes negative and an instability develops. This instability is
due to the fact that a spontaneous pair creation becomes energetically expedient.
The particles of charge e are attracted to the conglomerate; those of charge —e run
away to infinity. The more pairs are produced, the more negative E' becomes. This
phenomenon — instability — occurs irrespective of the value of a. Of course, the
critical value N, becomes exceedingly larger as o« — 0.

Dyson concludes that physical quantities in quantum electrodynamics cannot be
analytic in «, and the point a = 0 is singular. If so, the expansion in the powers of
a cannot be convergent.

Being brilliant, Dyson’s argument is qualitatitve. Many years had elapsed before
quantitative methods were developed allowing one to calculate the divergence of
the perturbative series in high orders. A breakthrough, which paved the way to
quantitative analysis, became possible when it was found that : (i) the divergence
of the perturbative series at high orders, at physical values of the coupling constant,
is related (via the dispersion relation in the coupling constant) to the imaginary
part which develops at unphysical values of the coupling constant, when the system
under consideration becomes unstable (ii) this imaginary part, in turn, is related to



the barrier-penetration phenomenon and can be calculated quasiclassically at small
unphysical values of the coupling constant; (iii) the rate of divergence at high orders
is fully determined by the tunneling amplitude at weak coupling.

This result was first obtained in quantum mechanics and is usually credited to
Bender and Wu [2] (see e.g. such authoritative source as Le Guillou and Zinn-Justin’s
compilation [3]). Bender and Wu’s paper, a benchmark in this area of research, was
written in 1972. Very few theorists know that the very same construction was worked
out in 1964 in Soviet Union. In fact, this was one of the first research projects of
Arkady Vainshtein, who at that time was a student at the Novosibirsk University and
Novosibirsk Institute of Nuclear Physics (currently, the Budker Institute of Nuclear
Physics). His paper was published in 1964 in Russian, as a Novosibirsk Institute of
Nuclear Physics Report [4], which obviously hindered its recognition in the western
high-energy physics community. Only experts in the Soviet community were aware
of Vainshtein’s construction, in particular, Lev Lipatov and Eugene Bogomolny,
whose works on the divergences of the perturbative series are well-known.

Now, almost 40 years later, original Vainshtein’s report became a rarity, it can
hardly be found even in large libraries. I decided to correct the situation, and make
it available to the high-energy physics community. On occasion of Arkady’s 60"
birthday I translated the paper in English. Below you will find both, the English
translation and the Russian original.

M. Shifman

1. F.J. Dyson, Phys. Rev. 85, 631 (1952).

2. C.M. Bender and T.T. Wu, Phys. Rev. D7, 1620 (1973).

3 J.C. Le Guillou and J. Zinn-Justin (Eds), Large-Order Behaviour of Perturbation
Theory (North-Holland, Amsterdam, 1990).

4. A.1. Vainshtein, Decaying Systems and Divergence of the Series of Perturbation
Theory, Novosibirsk Institute of Nuclear Physics Report, Decmber 1964.
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Abstract

One-dimensional field models are considered. If, for a certain sign of
the coupling constant A, the spectrum is continuous, the perturbative
series for the propagator diverges. At large n the n-th term of the
perturbative series has the form n!(a)™.

1. In Ref. 1 Dyson argued that the perturbation theory series are divergent in
quantum electrodynamics. Dyson’s argument was based on the observation that the
world in which the square of the electric charge e? is negative, has no ground state
and decays. Therefore, it is hard to imagine that such a situation can be described
by functions analytic in e? at €% = 0.

Thirring investigated [2] the theory with the interaction Liy = Ap® and showed
that the perturbative series for the polarization operator diverges in the domain of
momenta p> < m?. At large n the terms of the perturbative series are shown to
have the form

Clany =)

nz
where C and « are functions of p. The model considered by Thirring is an example
of an unstable theory. One can readily show, by virtue of a direct variational method,
that there is no ground state in the model of Ref. 3.

We will show that instability of the system implies a divergence of the perturbation
theory series in a one-dimensional model.

2. Consider a model in which field operators ¢ depend only on time, the spatial
coordinates are absent. The Hamiltonian and equal-time commutation relations

have the form
2

H= S0P+ 2@+ V), [olt), o] =+ (1)

This is the Hamiltonian and commutation relations of the conventional quantum-
mechanical anharmonic oscillator with the frequency w = m and mass p = 1.
For definiteness let us choose the interaction in the form

V(p) = —A¢”. (2)
From what follows it will be clear that in fact our consideration is applicable to all
decay-permitting interactions.

Repeating the proof due to Thirring [2] in the one-dimensional case, for the inter-
action A3, we will arrive at a result which is identical to that of the four-dimensional
problem, namely that the series for the polarization operator diverges, the divergence
being the same as in four dimensions. We will connect this divergence with the fact
that the system at hand can decay.



Let us consider the causal Green function for the field ¢. In the interaction
representation it is defined as

iotr) = UL DO 5

where ¢(7) is the field operator in the interaction representation. It is assumed that
the interaction switches on adiabatically.
If we now pass to the Heisenberg operators ¢(7), we will get

(0[S(00, 0)[T" ¢(7) ¢(0)]5(0, —00)|0)
(0]5(00,0) 5(0, =00)[0) ’

iG(T)

¢(r) = S7(7,0)p(7)S(7,0). (4)

3. Usually the state |[¢p) = S(0, —00)|0) is considered to be the physical vac-
uum. If the physical vacuum does exist, this is ensured by adiabatic switching on
— the interaction turns on adiabatically. In the model under consideration there
is no physical vacuum, the system is unstable. In such cases the mathematical
vacuum passes into a corresponding quasi-level after the interaction is turned on
adiabatically. The quasi-level is a state with a complex energy describing a decay.

To show this we will consider the problem of an oscillator with the frequency
changing with time as

w® (1 - ye~ ol )
If ¥ > 1 then at t = 0 the oscillator turns upside down, and the physical vacuum

is absent. It turns out, that if at £ — —oo we start from the ground state of the
oscillator, at t = 0 we arrive at a state which, in the limit & — 0 has the energy

E=——\/v—1
2 /7 )

and describes the decay. A detailed solution is given in Appendix A.

It is interesting to note that the state (0/S(0c0,0) = (| is not obtained from
S5(0,00)|0) by Hermitean conjugation; this is due to the fact that the stability con-
dition S(o0, —00)|0) = |0) is not satisfied. The state (¢)| = (05 (o0, 0) is Hermitean
conjugate to the state describing the process reverse to decay. The energy of such
state is complex conjugated to that of the quasilevel. In what follows, we will call
such state anti-quasilevel.

4. In Appendix B a relation between the energy of the state |¢) and G(7)|._,
and G(p)|,_, is derived. Here G(p) is the Fourier-transform of G(7). Therefore,
for studying the analytical properties of G(7)| _, and G(p),—,, as functions of the
coupling constant, it is sufficient to study the analytic behavior of E(A?) where
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E()\?) is the energy of the state [¢)) = S(0, —00)|0). The equation for [¢)) is

22 2,2
Hly) =B, H=2+22 -2 (5)

This is a conventional differential equation for anharmonic oscillator. At ¢ — —o0
the wave function 1(p) falls off exponentially, while at ¢ — oo there is only an
outcoming wave. (The constant \ is assumed to be positive.)

Let us continue 9 (p), defined for positive A, to complex values of A. Then \ is
complex in Eq. (5). Let us now examine the boundary conditions.

At positive A

C (¥
V() — ﬁeXp[Z/ pd@],at © — 00,

Y(p) — % exp {—i/wpdw} , at p — —o0,

p = V2E —m2p? + 23, (6)

These are the well-known quasiclassical asymptotics. One can assert that ¢(¢) has
the same asymptotics for all complex A in the upper half-plane of the parameter
A. Indeed, as long as A is in the upper half-plane, 1 (¢) falls off exponentially at
© — +00, and the growing exponent cannot appear.

Let us pass in the A\ plane from the positive semi-axis to negative, via the upper
half-plane. Then Eq. (6) implies that after the rotation ¥ () falls off exponentially
at ¢ — 400, while at ¢ — —oo the wave function ¥ (¢) represents a wave running
into the well. That is to say, starting from the problem of a quasilevel, we arrived at
the problem of anti-quasilevel. This means that the function F(\?) has a cut along
the positive semi-axis in the A? plane. The imaginary part ImFE (\?) experiences a
jump on this cut.

Consider the integral

/dzE@):%mﬂ%% Rty (7)

Z— 20

where the contour C' is indicated in Fig. 1. The radius of the circle in Fig. 1 is A,
while |z9| < A. The integral over the circle is an analytic function for all z, inside
the circle; therefore, we will not consider it since we are interested in the part of
E(z) nonanalytic at the origin,

A m z
mw:llculﬁQ. (8)

™ zZ— 20
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FIGURE 1. Integration contour in the integral (7).

The expansion of FE(zg) in 2z (at zo — 0) immediately follows from Eq. (8),

B =3 = (% /OA i I“iﬁ(f)) | ()

n=0

The integrals on the right-hand side converge since Im E(z) falls off exponentially
at z — 0.
Indeed, Im E(\?) is proportional (at A — 0) to the barrier transmission coefficient

2
D = exp {—2 / dp /m2p? — 2\p3 — QE} :
)

1

where the integral is to be taken between two turning points. At A — 0

o G8'm

/0n O
D = —p exp [—T‘| 3 (10)
where o/ and 3’ are constants.

Since the radius A can be chosen to be sufficiently small, substituting

a g
ImE(z) = —=exp |——
&)= m e [ z}
in Eq. (9) one gets the expansion coefficients that coincide with the exact ones at
n — 00.
Thus, the function

— il V2o

)= [ L g _o(28) Tw(2 L8 (11)
TJo VzZz—2 20 2°27 =z

has the same expansion coefficients, in the limit n — oo, as the exact E(z). (The

fact that we added the integral from A to oo is of no importance, since this added

4



integral gives a function analytic at the point zy = 0. Moreover, ¥ (% , % ,:U) is the
degenerate hypergeometric function.)
The expansion of E has the form

E(z)—Cg(%)nF(n—l—%) . (12)

Since F()\?) is related to the Green function as follows (see Appendix B)

) 1 oE

A L

- 1 9N yey O°F ,OF

Cw)| | = st {25@) S0 9 W—?)E] . (13)

we arrive at the conclusion that the perturbation theory series diverges: the expan-
sion coefficients grow factorially at large n. Nevertheless, the series is asymptotic.

5. One can consider interactions of other types in perfectly the same way. It
is clear that if a given system decays after the interaction switches on, then the
imaginary part of the quasilevel energy is a quantity which is exponentially small
in the limit of the vanishing coupling constant. This implies the factorial growth of
the expansion coefficients in the coupling constant series. There will be no potential
barrier if m = 0. But in this case the perturbation theory integrals diverge at the
lower limit of integration.

Of particular interest is the interaction V = —Ap* At X\ > 0 this interaction
corresponds to a decaying system. Performing the same consideration as for A\p? we
will obtain that at large n the terms of the perturbative series for E()\) grow as

o r(ee2)

At A < 0 the system is stable. However, the perturbative series is the same both for
positive and negative X\. Thus, there emerges a situation of the type suggested by
Dyson in quantum electrodynamics. It is interesting that all terms of the series are
of the same sign in the instability domain of negative .

The majority of nontrivial theories are seemingly unstable at some phase of the
coupling constant, which leads to asymptotic nature of the perturbative series.
Equations in such theories have solutions nonanalytic in the coupling constant at
the origin. It is unclear, though, to which extent these solutions are physical in the
instability domain. In such theories the point A = 0 is a branching point. Moreover,
if m # 0, it presents an essential singularity.

What remains unclear is the relation between the decaying nature of the system
and the perturbative series divergence in four-dimensional theories. One should



note that if small spatial momenta are of importance, the theory becomes one-
dimensional; however, the impact of renormalizations calls for a study. It is inter-
esting that if an arbitrary graph with the vanishing external momenta is considered
in four dimensions, one can readily get the following inequality:

1 1 1 1 1 4
||d4 > 0 14
/mQ—p% mz—p7 LLEE= s U m? — (p})? m2—(p?)2qu} )

where py, are the internal line momenta, g are the integration momenta, while p?
stand for the time-like components of p,. Then what appears on the right-hand
side of Eq. (14) is the corresponding one-dimensional diagram, and we could built
a minorant for the four-dimensional theory, if it were not for the necessity of renor-
malizations.

I am deeply grateful to V.M. Galitsky for suggesting me this topic for research
and for guidance. I would like to thank I.B. Khriplovich for valuable discussions.



Appendix A

Let us consider an oscillator with the time-dependent frequency changing as
w? (1 — ey

We are interested in the time development of the state which tends to the ground
state of the frequency w oscillator at ¢ — —oo. We demote it W, (¢). In the interac-
tion representation W, (t) satisfies the following equation:

OV, yw? —alt| ,.2

= —— v Al
i 5 1 e ()W, , (A1)

la*(8) + a(8)] = L7 j/g_e_m , (A2)

z(t) =

Sl -

where
[at,a7] = —1.

We look for U, (¢) in the form
W (t) = Ka(t) exp [(a™)* fa(t)] |0) (A.3)

where K,(t) and f,(t) are functions of time, while |0) is the ground state of the
oscillator with the frequency w, so that a|0) = 0. Substituting Eq. (A.3) in
(A.1) and performing the commutation we obtain terms with exp((a™)?f,)|0) and
(a™)? exp((a™)?f4)]0). Requiring the coefficients in front of these terms to vanish,
we arrive at the following equations:

K’ w
i = e e2s), (A1)
ify = Lol (Gt g, g2t (A5)

with the boundary condition
fat) =0 at t— —o0.

Consider ¢ < 0 and introduce a new function y(t)

1 : "t 1 , 1.,
foz(t) - e(22w7a)t Y ( ) N <—zw + g) e(21w7a)t . eszt ) (A6>
Yw y(t) iyw 2 2
Then we get the following equation for y(¢):
S\ 2
Y+ (w + %) — yw? eat] y=0. (A.7)




The solution of this equation is

y(t) = Cry(2) + Cad(2), (A8)
where . ,
VZQZ_W_L z:Meat/Q,
o o)

and J,(z) is the Bessel function. Using the fact that f,(f) vanishes at t — —oo we

i i Ao oL (T (2)/d
. t
(1) = ——— @iyt |, &y A e RAE))TA

fa(t) iywe [ wt o+ et 70)

We are interested in the limit

(A.9)

lima_o ¥, (0) = ¥(0).

Using the quasiclassical asymptotics of the Bessel functions [4] we find

£(0) = %[1—%“ 7—1}, > 1,
£(0) = %[1—%—@}, y<1. (A.10)

At v < 1 we arrive at the ground state of the oscillator with the frequency w+/1 — 7,
a “physical vacuum”. If v > 1 then

¥(0) = exp ((a™)*f(0)) |0)
has the following form in the = representation:
2

T(0) = exp (w\/ﬁ %) . (A.11)

This state describes an outflux of particles from the origin to +00. The energy of
this state is

E= VY- 1.
We see that n = E/w is an adiabatic invariant for complex w too.
If one considers the state which at ¢ — oo goes to the vacuum of the frequency
w oscillator, one obtains that at ¢t = 0 and o — 0 one deals with the state of an
anti-quasilevel with .
w
E=— —1.
2 ry



Appendix B

The Green function in the Heisenberg representation has the form

{¥l(m)9(0)]4)
@)

The connection between G(7)|,—¢ and the energy of the state |¢) is known [5]. We
will derive this relation for completeness, however. The equation for |¢) is

iG(T) = (B.1)

2

1 . m
(H-E)[¢) =0, H=§w2+7s@2—w3- (B.2)

Differentiating Eq. (B.2) with respect to m? and multiplying by (¢| from the left
we get

(WIo*(0)ly)  oF

iG(T)]._y = o) =2 pk (B.3)
From dimensional arguments
E=mad (2—1) .
Therefore,
G, = % (E _ W%) | (BA)

Let us derive now a relation between E and G(p)|,_, where

First of all let us note that given the interaction A\p?

__ {@lo(0))
T T

Therefore, there is a constant in 7 part in G(7) having no physical meaning. In the
p representation it yields d(p). It is more correct to consider

i = L@ -2 O —P)l) _
iG(T) = 0 =iG(1) —P°. (B.5)

Using the definition of ¢(7) in terms of the Schrédinger ¢,

£0.

@(T) — eiH’T goe_iHT

9



we have

~ 1 1

6w = i (0|09 |— (B.6)

- p+(H—1E—ie)}(¢_¢)‘¢>’

. 2 _ 1 _
o, = ~mi (e-Pgipe-ale).  ®D
Moreover, ie can be omitted since
(Wlp—ply)=0. (B.8)

Let us introduce a term f¢ in the Hamiltonian, where f is a parameter. Then we
differentiate Eq. (B.2) twice with respect to f,

o)  (0H OE
i -0 (G- 57) 1. (8.9)
92|)) OH OE\ 0l) O°F
(H=B) %0 +2<W_W)W_6—f2w>' (B.10)
Now multiplying by (1| from the left we get
OF
ar = wa \lar ) =7 —
OPE OH 8E v\
or = i (elor 57 15) -7 12
Furthermore, Eq. (B.9) implies
o) 1 (om _op
of = H—E<8f 8f>|¢>' (519

In Eq. (B.13) one can add [¢) with an arbitrary coefficient. This additional term
will vanish, however, upon substitution in Eq. (B.12). Thus,

0’E 2 _ 1 _
o Cle-Pgge-9le). @
Now one can set f = 0, arriving at
0’E -
=G (p)],— - (B.15)

of?



The relation (B.15) can be rewritten in terms of derivatives over A%, To this end we
introduce a new operator 7 instead of ¢,

m? — \/m?* + 12\ f (B.16)

p=n+¢o, o = 3\ :
Then the Hamiltonian does not contain terms linear in 7, and one can write
)\2
E = E'+ M <W) , (B.17)
0 m*pp 3 2 2
E° = 5 + fo — Ay M= =m*— 6y . (B.18)
Then Eq. (B.15) goes into
~ 1 9N? 0’FE oF
G = —— 4+ " [25(\})’ s + 35\°—— — 3E| . B.19
Q p=0 m? * m8 [ (%) 0(A?)? i ON? ( )

11
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Annoramnusa

PaccmarpuBatoTca omHOMepHBIE TIOJEBBIE Monesau. Ecaum mpu
KaKOM-JM0OO0 3HAaKEe KOHCTAHTDLI CBA3U A CIIEKTD SABJISETCS HElpe-
PBIBHBIM, TO PAI TEOPUUW BO3MYIEHU NI MTPOMaraTopa pacXxoanuTCs,
npuueM obmmid wien psaga nmeer Bum n! ()" mis GoaLmUX n.

1.  ajicon B pabote [l] mpumBen apryMeHTHl B IOJbL3y TOTO, YTO PSILI
TEOPUU BO3MYIIEHUNA B KBAHTOBOW 3JIEKTPOIUHAMUKE SBIAIOTCA PACXOIANIN-
vucsa. OH OCHOBEIBAJICSA Ha TOM, UTO MHUDP, B KOTOPOM KBaJpaT 3apsga e’
OTpUIIATEJIEH, HE WMEEeT OCHOBHOI'O COCTOSHUS UM pacnagaercsa. llostomy
TpyaHO cebe MpPenCTABUTL, YTO TAKAS CUTYAIUSA MOYKET OMUCLIBATLCS (YHK-
MUAMU aHAJUTUYHLIMU 10 €2 B Touke €2 = ().

Tuppusr [2] ucciaenoBas TeOpuio ¢ B3auMoecTsueM Ly = \p® 1 mokasau,
UTO PAL TEOPUU BO3MYIEHUN IS MOIAPU3AIMUOHHOTO OIlePpaTOPa PaCXOAUTCS
B 067acTH UMy ILCoB p? < m?. Ilpu GOMLIINX N YJICHLI PAAA UMEIOT BU

n—4)!
Cal)" 7( 5 ) ,
n
. 2
rne Cu « ¢oyurkmum  p°. Paccmorpennas TuppuHroM Monenn ABIAETCA
npuMepoM HeycTorumBoid Teopuu. C MOMOIILIO MPSAMOTO BAPUANMOHHOTO Me-
TOJZA JIETKO MOKA3aTh, YTO B MOJEJU HET HIKHETO COCTOAHUA [3].
Mpur mokaskeMm, 4TO paciagHOCTL CUCTEMBI MPUBOAUT K PACXOAUMOCTHU PO
TEOPUN BO3MYIIEHUNA B OJHOMEPHON MOIEJU.

2. Paccmorpum mMomenn, B KOTOPOW TOJIEBLIE ONEPATOPLI (0 3aBUCAT
TOJILKO OT BPEMEHU, TO €CTh HET IPOCTPAHCTBEHHLIX KOOpAMHAT. ['amMmiInLTO-
HMAaH U OJHOBPEMEHHLIE I€PECTAHOBOYHLIE COOTHOIIEHU MMEIOT BUI

1 ) m2
o . 2 . .
H=5 @) +5¢ +V(e),  [p), o)) =1. (1)
DTO — raMUJILTOHUAH U IIE€PECTAHOBOUYHLIE COOTHOIIEHNSI OOLIYHOIO KBAHTOBO-
MEeXaHUYECKOTO HEJUHETHOTO OCHUJIIATOPA C YacTOTO w = m Maccoit i = 1.

BsaumoneiictBue V(¢) BO3bMEM IJisi ONpENEeIeHHOCTH B BUIE

Vip) =—Xp’. (2)

W3 nmanbueiniero 6ymeTr BUAHO, YTO PACCMOTPEHUE MPUTOIHO IJIsS BCEX pac-
OaIHBIX B3aUMOICVICTBUIA.



[Tosropsia mokazarennctBo Tuppurra [2] B OQHOMEDHOM ciyyae IS B3a-
uMoecTBuA \@®, MEI IPUAEM K TaKOMY e, KaK U B UeTLIPEXMEepPHOM Bapu-
aHTe, Pe3yJLTATy, TO-€CTh, YTO PAM IS MOJAPU3AINUOHHOIO OMEPATOPa Pac-
XOIUTCS, TPUYEM TAKUM ke 00pa3oMm. MLl CBaKEM 9TO € pacragHOCTLIO
CHUCTEMDI.

Bynem paccmarpuBaTh mpuumHHYO (GyHkKuuio ['puna mouss ¢. B mpen-
CTABJIEHUN B3aUMOAEWCTBUSA OHA OIPENENSIETCSA Kak

iotr) = AT )01 5

rae p(7) — moseBoi omepaTop B MpPEACTABICHUN B3auUMOIeHcTBUA. Y cperHe-
HUE UOET IO MaTeMaTUYeCKOMY BakyyMy. Ilpeamonaraercs ammabaTUdecKoe
BRKJIFOUECHUE.

Ecau Mbr nepeiném k refizenbeproBckuM omnepaTopam  ¢(T), TO MOLYYUUM

(0[5 (00, 0)[T ¢(7) $(0)]5(0, —o0)[0)
(0]5(00,0) 5(0, —00)[0) ’

iG(T)

o(r) = S(7,0)9(7)S(7,0). (4)

3.  O6ururo cocrosawme [1h) = S(0, —00)|0) cunTaroT paBHLIM (U3NIECKOMY
BakyyMy. Ecau ¢usmuecknii BakyyM CYIECTBYeT, TO 3TO OOecIedymBaeTCs
aarabaTyeCcKUM BRJIIOYEHUEM B3auMonelicTBusa. B paccmarpumBaeMoii Mo-
nenn (PU3NYECKOT'0 BaKyyMa HeET, CUCTeMa HeycTolumBa. B Takmx ciaydasx
MaTeMATUYECKUT BAKyyM IPU aarnabaTUIeCcKOM BRJIIOUYEHUN B3aUMOIECTBUA
IePEeXOIUT B COOTBETCTBYIONUIA KBA3UYPOBEHL — COCTOSHUE C KOMILJIEKCHOM
pHEprueil, onmcuiBaromee pacrnan. YToObl MOKa3aTh 3TO MBI PACCMOTPEINN
3amagy 00 OCIUJJIATOPE, ¥ KOTOPOrO YacTOTa MEHAJIAaCh CO BPEMEHEM Kak

w® (1 - ye~ ol )

Ecmm ~ > 1, To npu ¢t = 0 ocumanATop OLII IEepeBEePHYT, U (U3NIECKUI
BaKyyM OTCyTCTBOBaJ. JleficTBUTENLHO, OKA3aJ0Ch, YTO €Cau npu t — —0oo
MBI UMEJU OCHOBHOE COCTOAHME, TO Ipu t = () MBI IPUXOOUM K COCTOSHUIO,
KOTOpOLIE B npenesne « — () uMeeT »HEPruio

w
b=—gvo-h
u onucwiBaeT pacnamn. IlogpobHoe pemeHue NaHO B MPUIOKEHUN A.
WNurepecuo ormerurn, yro cocrosiare (01S(00,0) = (| me momyuaercs

>pMUTOBLIM conpsurerueM u3 S(0,00)|0), 4TO CBA3AHO C HEBLIIOJIHEHIEM YCIIO-
Bus ycrotunsBoctu S(00, —00)|0) = |0). Cocrosirme (| = (0]S(00,0) saBasercs
9PMUTOBO CONUPSKEHHBIM K COCTOSHUIO, ONKCHIBAIOIIEMY IIPOIECC, OOpATHLIN



K paciiany. SHepl"I/IH TaKOI'O COCTOAHMA KOMIIJIEKCHa COIIPpAMKEHa K SHEPIrun
KBa3nypOBHA. Takoe cocTosHME MLI B ,ZI&III:HGVIIHGM 6y,]_'[eM Ha3bIBaThb aHTU-
KBa3MypPOBHEM.

4. B npunoxkenuu B BoiBemeHa CBA3L MekIy DHeprueil coctosHust |[i)
nu G(7)[._gm G®)|,—o 3mecr G(p) — Pypre-obpaz G(r). Iostomy mna
u3yueHns aHanutTuueckux cpoicts G(7)|._o u G(p)|,_y, Kax yHEIUM KOH-
CTAHTBI CBA3U, NOCTATOYHO ®TO caenarh mias E(A\?), rne E(A\?) — sHeprus
cocrosius |1) = S(0, —00)|0). Y paBuenue mis |i) TaKOBO

22 2,2
¥ m-y

Hp) = E¢), H:7+—2 — A’ (5)

D10 — 0bOBIYHOE mudhepeHImaTLHOE YPaBHEHNE HEJIUHEHHOTO OCIUIIISATODA.

[Ipu ¢ — —oo BonHOBasg (GYHKUUA () SKCIOHEHIMAILHO MANAET, a IPU
© — 00 UMEEeTCs TOJNBLKO Buixosamas BoiHa. (Mol cauraem A > 0).
[ponomsum (@), ONpeneséHHY0 IS MOJOKUTENLHBIX A, HA KOMILIEK-
cupie A. Torma B (5) A komnuekcuo. PazGepémcs, uro Oymer ¢ rpaHUYHBIMU
YCIOBUSIMU.
I[Ipu nmonoxkuTENLHBIX A

Y(p) — %exp [i/wpdw]> ¢ — +00,

C’ (¥
P(p) — %exp {—1/ pds@}, @ — —00,

p = \/QE — m2p? 4+ 2\3 . (6)

DTO — M3BECTHLIE KBA3UKJIACCUYECKME ACUMOTOTUEM. MOMKHO yTBep:KIaTh,
uro (@) UMeeT STU Ke ACUMITOTUKU U I BCEX KOMIUIEKCHLIX A B BepXHel
MOJIYIJIOCKOCTHU mapamerpa A. JleficTBUTeNLHO, MOKa A HAXOIUTCSA B BEpXHEH
HOJIYIIOCKOCTH, () SKCIOHEHIMAILHO MaNaeT IpU ¢ — +£00, U PACTYIIAS
SKCIIOHEHTA HE MOYKET MOSABUTLC.

[Tepelimem B mIOCKOCTA A C MOJOKUTEILHON MOJIyOCH HA OTPUIATEILHYIO
yepe3 BePXHIOI MOJIYIIOCKOCTL. Torma u3 (6) BUAHO, UTO MOCJIE MOBOPOTA
() DKCIOHEHINANLHO MANAET IPU Y — +00, & MPU Y — —00 IPEACTABIAET
coboit BosHy, Oerymyro B AMy. T0-ecTh, HaUaB C 3aJa4yyd O KBa3WyPOBHE, MDI
NpUILIK K 3a7ade 06 aHTUKBA3UYPOBHE. DTO O3HAUaeT, uTo (ymknua K(A\?)
UMeeT B IIIOCKOCTH A2 pa3pes Mo HOJOKUTEILHO moayocu. Ha sToMm paspese
Tepmut ckauok ImE (\?).



Puc. 1.

Paccmorpum maTErpan

/ dz E( = 2mi E(2), 2=\, (7)

roe koutyp C morkaszan ma puc. 1. Pammyc orpykHocTum Ha puc. 1 paBeH
A, |zo| < A. MHTErpas no OKpy:KHOCTU ABJIAETCSA aHAJIUTUYECKON (yHKImen
IJIsT BCeX Zg BHYTPU OKPYKHOCTH, IOSTOMY MBI HE Oy IeM ero pacCMaTpUBaTh,
TaK KaK HAC MHTEPECYeT HeaHAJIUTUYECKas B HyJe 4acTh F(z),

E(z) = ! /0 dz w (8)

™ zZ— 20

N3 (8) cpasy caenmyer pasznoskenue F(zg) B pam upu zy — 0,
> 1 [ ImE(2)
E(z) = P dz ——— | . 9
=35 (5 [ )
WNurerpaset cxonarcs, Tak kak Im F(z) sKCIOHEHINANLHO yOLIBAET IPU 2 —

0. Ie#ictButenanro, Im E(A\?) npy A — 0 mpomopuuoHAJLHA KOD()(OUIUEHTY
IPOXOKAEHUS yepe3 Dapnep

©2
D =exp {—2 / dp \/m2p? — 2\p3 — 2E} .
©

1

Wurterpan Oepercsa MexRAy AByMs TOoukaMu moBopoTta. I[Ipu A — 0

/ / 5
D= ew |- ] (10)

roe o u (' — KOHCTAHTLI.
Tak kak A MOKHO BBIOPATL HOCTATOYHO MAJIBIM, TO MOICTAHOBKA B (9)

mB(z) = % exp [—g}

4



IPUBEAET K KOG OUIMEHTAM PA3JIOKEHNA COBIALAIONIIM C TOUYHBIMU IIPU 1 —
00.
Taxkum oOpa3oMm, QpyHKIUSA

By = [ L dz:C(—ﬁ)l/z\I/<1 ! ﬁ) (11)

o VzZz—2 20 2727 2z

MeeT TAKMe 7K€ KO3 (QUINEHTEI PA3IOKEHUs B IPeesie N — 00, KaK 1 TOYHAS
E(z). ([1lobaBnenue naTerpasa or A 10 00 HE IMEET 3HAYEHUs, TaK KaK 9TOT
MHTErpaJ JaéT (YHKIUIO aHAJIUTUYECKYI0 B TOuke 2o = 0. Hamomumm, uro
U (1,1 2) — BLpommennas rumepreoMeTpudeckas (GyHKIM).

Paznoxenne E umeer Bun

B(z) = (Jg (%)nr (n+ %) . (12)

Tak kak FE(\?) casana ¢ pynknueit ['puna cooTHOmeHUAMY (CM. TPUIOKEHUE

B)

. 1 oE
iG(T)l,o = m2 [E - 5>\2w} 5
- 1 9A2 by OPFE ,OF
G(p) =0 - —ﬁ—i‘w 25 (/\ ) m‘l‘?)g))\ W_?)E 5 (13)

TO MBI IPUXOJUM K BBLIBOAY, UTO PAN TEOPUU BO3MYIIEHUNA PACXOOUTCS, TPU-
yeM KO3((QUIMEHTHl Pa3iIokeHusa (aKTOPUAJILHO PACTYT OPU OOJLIIMNX N.
Tem He MeHee, pAn ABIAETCA ACUMITOTUYECKUM.

5.  CoBepIIeHHO AHAJOTUYHLIM CIOCOOOM MOYKHO PACCMOTPETL JAPYTULIE
Tunbl B3auMoneticteuii. [[oHATHO, YTO e€Cyiv TPU BRIIOUEHUU B3aUMOOEeACTBUA
cucTeMa paclagaeTcsa, TO MHAUMAsA 4aCTh SHEPIUU KBA3UYPOBHA €CTh BEJIUYNHA
BSKCIIOHEHIINAJILHO MaJiasg IPU KOHCTAHTE CBA3U CTPEMAMENCcsa K HYJIO, YTO
IPUBOIUT K (PAKTOPUATILHOMY POCTY KOB((OUIMEHTOB PANA IO CTEIEHAM KOH-
cTaHTHI cBsi3u. llorennmanabuoro 6apnepa we Oymet, ecaiu m = 0. Ho B aToMm
ciIydyae MHTErpaJbl TEOPUM BO3MYIIEHUN PACXOOATCsA HA HIZKHEM IIpelelie.

[IpencraBager maTepec B3ammoneiicrsue V = —A\p* IIpm X > 0 omo
COOTBETCTBYeT pacnanamlmleiicsa cucrteMe. Ilponemnas Takoe ke Kak M Ui
\p? paccMOTpenue, MBI TOJIYUUM YTO TPU GOJLIINAX 1 UiIeHL pafa mia F())

BeIyT ceDsT Kak
A n
C (—) r (n + 1) )
0 2



I[Ipu A < 0 cucrema ycroituuBa. Ho psan 6ymer obmuM u 4151 TOTOKUTETLHBIX
A U st oTpunaTeapHnix. CuTyanus BO3HUKAET TAKOTO TUIA, KOTOPYIO Mpe-
nonaraet Jla#coH myisa KBaAaHTOBOW sijekTpomuHaMuku. VIHTepecHO, UTO BCe
YJIEHDI Psa UMEIT OAUH 3HAK B 00JIACTU HEYCTOMNUYUBOCTH.

[ToBuaumomy, DOMLITMHCTBO HETPUBUAJILHLIX TEOPUT ABIAIOTCS HEYCTORYM-
BLIMU IIPY KaKOH-1m0O0 (pasze KOHCTAHTHI CBA3M, UTO IPUBOIUT K ACUMITOTIY-
HOCTU PAOOB. Y paBHEHUSA TEOPUHA MMEIOT PENIEHUs HeaHAJUTWYHLIE IO KOH-
CTaHTEe CBA3W B HyJle, IIpaBaa, HECHO, HACKOJILKO 3TU pelmeHus (U3NYHLI B
obmactu HeycTtotumBocTu. Toura A = (0 ABAAETCA B TAKUX TEOPUAX TOUKOM
BeTBJIeHUA U, ecau m # (0, CyImecTBEHHO 0COOO# TOUKOM.

Ocraércs HESICHLIM BOIPOC O CBSI3W PACHaIHOCTUA C PACXOIUMOCTLIO PSIA
B UETBIPEXMEPHLIX TEOPUAX, XOTSI HAMAO OTMETUTDL, UTO, €CJIU UTPAIOT POJDL
MaJible TPOCTPAHCTBEHHLIE MMITYJILCBLI, TO TEOPUs CTAHOBUCA OTHOMEPHOM,
OHAKO TpebyeT BLIACHEHNUS BIUAHUE TEPEHOPMUPOBOK. VIHTEpPECHO, UTO ecau
pPacCMOTPETH TPOU3BOJLHYIO AUATPAMMY UYETLIDEXMEPHOW TEOPUU C BHEIIH-
MU UMIYJILCAMU PABHBIMU HYJIIO, TO JIETKO MOJYYUTH HEPABEHCTBO

1 1 1 1 1 4
dtq > — dq® 14
/ m2 _ p% m2 _pZZ H q - mﬁz / m2 _ <p(_i))2 m? _ (p?)2 H q ) ( )

roe pr — VMIYJILCLI BHYTPEHHUX JUHUMN, ¢ — WUMIIYJILCHI MHTEIPUPOBAHUSA,
P} — BpeMeHHLIe KOMTIOHEeHTLI. Toraa B mpasoit wactu (14) cTrout cOOTBETCTBY-
omas OMHOMEPHAA AuarpaMMa, U Mbl MOTJIM ObI MOCTABUTL MUHOPAHTY IJIA
YETBIPEXMEPHOW TeOopuu, ecyau Obl He OLIIO HEOOXOAMMOCTU MEPEHOPMUPO-
BOK.

[Ipusomy raybokyro Omnaromapuocth B.M. DNamumkomy 3a mpemioskeHue
TeMLI U PYKOBOACTBO paboroii. Asrtop Osmaromapen U.B. Xpunaosuuy 3a
IIEHHLIE AUCKYCCUU.



IIpunosxenue A

PaccMmoTpuM octuiiisiTop y KOTOPOro 4acTOTAa MEHSETCsS CO BPEMEHEeM IO

3aKOHY

w? (1 — ye*altl) )
Hac wmnTepecyer pasBuTme BO BPEMEHU COCTOSIHUS, KOTOpOe mpu | — —o0
CTPEMUTCA K BaKyyMy OCHUJIATOPA ¢ 4acToToW w. OBGo3Hauumm ero uepes
U, (t). B npencrasnenun B3anmoneiicrsus V¥, (1) yooBIeTBOTET YPABHEHUIO

2

OV, YT —alt] .2

] ot = —Te Xz (t)\I/a, (Al)

z(t) = [a™(t) +a(1)] = , (A.2)

rue
[at,a7] = -1
Nmem Y, (t) B Buzme
W (t) = Ka(t) exp [(a")* fa(t)] |0) (A.3)
rone K,(t) n  f,(t) — ¢ysruum Bpemenu, |0) — BakyyM OCHMIIATOPA C

vacroroi w, tak uro a|0) = 0. IToxcraBmsas (A.3) B (A.1) m mpomssBoas
KOMMyTanuu, Mbl noayunm wiensl ¢ exp((a™)?f,)]0) u ¢ (a®)? exp((a™)?f4)]0).
[TpupaBHAB KO3()(UIMEHTLI IPU HUX HYJIO0, MBI IPUAEM K YPABHEHUSIM

K!
s retase), (A4)
Zf(; _ _%e—aw (62iwt+4fa+4f§6—2iwt) ’ (A5)

C TPAHUYHLIM yCJIOBUEM
fa(t) =0 at t— —o0.

Bynem paccmarpusBarh ¢ < 0 u BBemeM HOBYIO ¢yHKImiO y(t),

1 , "(t 1 ) 1 .
fa(t) - 6(2zw—a)t Y ( ) - <—w) + g) €(2zw—o¢)t - 621wt ) (A6)
iyw y(t) iyw 2 2
Hnsi y(t) momyunm ypaBHeHMIe
i\’
Y+ (w + ?) — yw? eat] y=0. (A.7)




Ero pemenue TakoBo

y(t) = Crdu(z) + Cadu(2), (A-8)
rae : :
,/:22_“)_1, Zzweat/27
a a
u J,(z) — ¢oyurmms Beccess.

Wcnonn3ys obpamenue f,(t) B uyan npu t — —oo, Haligem

1 .
fult) = ——— ewalt {_w Lo M dU(2))/dt

iyw 2 2 Ju(2) (A.9)

Hac maTepecyer
lim, o V,o(0) = ¥(0).
Bocnonb3oBaBmuch KBa3UKIACCUYECKIMU aCUMITOTURAMU (yHKIUM Beccemns

[4], naliném

[1—%“ 7—1}, > 1,

£(0) = [1—%—\/1—7}, v<1. (A.10)
I[Ipu ~ < 1 MBI IPUXOAUM K OCHOBHOMY COCTOSHUIO OCIMJIIATOPA C YaCTOTOM
wy/1 — v —“pusuueckomy Bakyymy . Ilpm v >1
U(0) = exp ((a™)*f(0)) |0)

B ZI-IIpeAcCTaBJICHUM MMEET BN

2= 2=

2

T(0) = exp (iw\/ﬁ %) . (A.11)

DTO COCTOSHUE ONMUCLIBAET pasJjieTaHre JYaCTUIl U3 00JacCTU Hadasia KOOPIu-
HAT Ha =+00. Ero sHeprus pasHa

E = 5 V7 1.
Mur BupuMm, uto n = E/w siBasercsa anrnabaTUYeCKUM WHBAPUAHTOM U IJIS
KOMIIJIEKCHBIX W.

Ecau paccmoTpeTh cocTtosHme, KOTOpoe npu © — 00 IEPEXOIUT B BAKYYM
OCHMJIIIATOPA C YaCTOTOW w, TO mosyuymuM, yto npu ¢t =0 u o — 0 MbI mMmeeMm
COCTOAHUE AHTUKBA3WYPOBHA C

E= o vy—1.
2



IIpunosxenue B

Pyukmusa ['puna B refizeHOEpProBCKOM MPEACTABIECHUN ONPENeasIeTCs Kak

(®le(m)o(0)]4)
@ly)

Cssasp mexny G(7)|,—o u sHeprueii cocrosiusa |¢) uzsectHa [5]. Ho musa
HOJIHOTDLI M3JIOKEHUST MLl €€ BhIBeJeM. Y paBHEHUe s [¢)) TAKOBO

iG(1) = (B.1)

2

1. m
(H—-E)|¢) =0, H:§902+7802—)\903- (B.2)

Hudpepernupys (B.2) no m? u ymuoxas na (| ciesa, momyuum

*(0
iG(r)],_y = w%w —2 2 (B.3)

M3 pa3smepHLIX coobpaskeHuii

2
E—mq)()\—5>.
m

I[TosTomy
. 1 ,OE
Brisenem reneps cesase Eu G(p)|,_, , voe
_ > dp —ipT
G(T)_/—oo %G(p)e :
[Ipesme BCero oTMeTUM, YTO TIPU B3auMoaecTBum A\p?
O
(¥[¥)

[Tostomy B G(T) €CThb MOCTOSAHHAA MO T YACTh, HE UMEImas (U3NIECKOrO
cMbIcia, Koropas B p-npexacrasienuu naér o(p). IlpaBunnbaee paccma-
TPUBATDL

o TN -D @O -2 _
iG(T) = ) =iG(1) — % . (B.5)

Vcmonp3ys ompenenenue ¢(7) gepes mMpearmHIepOBCKOE (0,

?(7_) — eiH’T goe_iHT

9



MeeM

G(p) = w—%@'(@—@) [p_miE_ie) (B.6)

B p+(H—1E—ie>] (90_@'@’

o, = o (VoD ipe-ale). @2

3aMeTnuM, 4TO 1€ MOYKHO OIIyCTUTL, TaK KaK

(Ylp—2ly) =0. (B.8)

Beenem B ramunanTonuan uinen fo, roe f — mapamerp. [Ipomudpennupyem
ypasuenue (B.2) mBasnnt mo mapamerpy f,

o) (OH OF
o= 57+ (55 ~ a7) 1 o
82|)) OH OE\ 0l) O°F
(H = B)% +2<W_W)a—f_a—ﬂ|¢>' (B.10)
YwuuOoxasn Ha (Y| ciaeBa, MOLydYUM
oF 1 OH _
o = ww lar ) =® (B
PE D0 0|08y
7 = wa \lar o lar) 7 (12
N3 (B.9) maxomum J|)/0f,
o) 1 (oH _op
of = H—E<8f af)'w‘ (319

K (B.13) MosHO npubaBUTL ¢ NPOU3BOILHLIM KO3 () PUIMEHTOM [1)), HO mpu
noxacranoBke B (B.12) sra mobaBka mact HyJIb,

PE 2 <w
ofr (YY) H—F

Tenepn [ MOKHO TOJOKUTL PABHLIM HYJIIO,

(¢ —P)

w—¢ﬁ¢>. (B.14)

10



PE -
9z = G (P)|p=o - (B.15)

Cease (B.15) MomnO 3ammcarth uepes mpousBomubie mo A2, Jlia Toro
BBOJUM BMECTO ( HOBLIA omeparop 7,

m? — /m? + 12\
p=n+o, o = 3 f. (B.16)

TOF,Z[a TFaMMJILTOHMAH HE COAEPIEKUT JUHEAHOTO IO N dJjIeHa, M MOKHO 3a-
IIMmcarTb

)\2
E = E°+ Mo (W) : (B.17)
m2902
E° = 5 O 1 foo— Apd, M? =m? —6)gq . (B.18)
Torzma (B.15) nepefinér B

- 1 9a2 O’E OF
G = —— + 25 ()\?)? 350 —— —3E| . B.19
]y == o [25 O s + 305 - 3 (B.19)

11
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2 Edward Shuryak

ARKADY IN SIBERIA

EDWARD SHURYAK
Department of Physics and Astronomy, State University of New York,
Stony Brook, NY 11794, USA

These are random recollections on the “middle years” of Arkady’s life in
science, from the late 1960’s to late 1980’s. One cannot write about Arkady in
Siberia without first describing a general atmosphere in the Budker Institute of
Nuclear Physics and Akademgorodok, Novosibirsk, in the 1960’s and 1970’s. I
guess it may be interesting for our international friends and colleagues to learn
about it, and to those who were there at the time, to recall Akademgorodok
once again.

First, about the place. Siberia, with its area of the size of the whole US, is
still poorly populated, and for a reason. Arkady’s parents moved there during
the World War II, fleeing from advancing German troops from their native
Donetsk in Ukraine.

Although there are several large industrial cities in Siberia (e.g. Novosi-
birsk’s population is about 1.5 million) there were no strong universities® or
technical schools there until the end of the 1950’s, when Khrushchev, with his
characteristic decisiveness, endorsed construction of one of the world largest
scientific centers. A large variety of research institutes covering all hard sci-
ences are situated there, and a brand new Novosibirsk State University. In the
1960’s, Akademgorodok had a population of about 30 thousand, (eventually it
grew to over 100 thousand) with, perhaps, half of them involved in scientific
research, in one way or another.

Arkady (and his wife Nelly, and many friends) happened to be in the first
graduating class of the newly-born University. I am sure their student years
were very colorful, but I cannot say anything about this because I moved to
Akademgorodok later, in 1964 at age 16, spent my last high-school year in a
FMS (a specialized physics and mathematics school the NSU had established
to attract the brightest), entered the university next year, and met Arkady for
the first time in his capacity of an instructor of the Quantum Mechanics course
(with Prof. S.T. Belyaev as the lecturer) in 1966.

One good thing about this University was that there were practically no
funds for professors’ salaries, and nearly all of them were from research In-

*Well, there was Tomsk University, since the mid-nineteen century, but I met no physicists
from this university so far.
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stitutes. Teaching there simply fell on people who had enough energy to do
it, practically for the fun of it, with salaries being rather symbolic, even by
Russian standards.

Another good thing — following from the first — was that policies to-
ward student curriculum were rather liberal. In order to demonstrate a good
deal of enthusiasm aimed at jump-starting immediate work at the front-line of
science, let me give my own example. In my freshman year I took a course
by Yu.B. Rumer and A.l. Fet “Unitary Symmetries,” on SU(3) and quarks.”
Taking it be fore quantum mechanics had little sense, but after it, quantum
mechanics looked like an enlightenment sent by God.

T attended many Arkady’s talks and started communicating with him since
about 1967, when I was allowed to attend seminars at the Institute of Nuclear
Physics. It is now called the Budker Institute, and very rightly so: Gersh
Budker indeed managed to build a world-class laboratory in this remote place,
and he did so against quite visible and ever growing hostility towards him on
the part of the Akademgorodok and Novosibirsk local authorities. A pioneer
of electron-electron, electron-positron and proton-antiproton colliders in 1960,
he pointed out already in the mid-1970’s that the future of high energy physics
lay in linear electron colliders® Perhaps, a less known talent of Budker (which
would be so cherished in this country) was his ability to invent applications of
accelerator technology, produce hardware and make good deals with industry.
Due to this, his institute was, to a large extent, a self-sustaining enterprise?

Gersh Budker was not only the Director but a true intellectual center of
this Institute. I am sure all of us, who were lucky to communicate with him,
or just hear his talks or lectures. will never forget him. Arkady and myself,
as members of various “round tables” (something like a standing committee
meeting each week at 12, for an hour or more), were seeing him for his last
years, dealing with science, strategic and day-by-day issues as they were coming
along. This is where we learned what physics is all about and how one should
deal with it (yes, of course, with a good joke).

One of the most memorable moments of a strong interaction between Bud-
ker and Arkady happened sometime in the early 1970’s. Budker got fascinated

bNote that the timing of this course was quite remarkable since the year was 1965, just
the next year after seminal Gell-Mann and Ne’eman’s papers.

¢This fact got recognition only this year in the US Long Range Plan.

4] recall that in one of his speeches Panofsky addressed Budker as “a director of a cap-
italistic Institution in a socialistic country”, while he (Panofsky) referred to himself as a
director in the inverse situation— he had to beg for money from the funding agencies all
the time. This feature which was always handy but became crucial for the survival of the
Institute in the early 1990’s when the infrastructure of what remained of the Soviet Union
nearly collapsed.
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then by prospects of studying C'P violation in kaon-antikaon system originat-
ing from the ¢-meson decays® and started asking theorists a series of pointed
questions, trying to work out an experimental program. Questions were co-
pious and appeared in rapid sequences: basically only Arkady was able to
provide answers, usually right away at the blackboard. It went on for several
months at these weekly meetings, in small installments but with an increasing
sophistication. The audience watched them both in amazement. It was a good
lesson: neither of these two could possibly proceed by himself, and yet doing
it together they worked out a beautiful program of experiments, with fine in-
terplay of Bose statistics, interfering amplitudes and C'P violation. Another
lesson: as far as I know, neither Budker nor Arkady cared to write down and
publish what they had done: for them, understanding was enough a reward by
itself.

Let me now come to an important problem which Budker Institute had
in the 1960’s: its theory group lacked its own intellectual center/ However,
as we all know, theoretical physics is transferred mostly as a kind of Olympic
flame, from one leader to the next. Budker knew it, tried to seduce one or
another senior theorist (such as Yakov Zeldovich) but it did not work. Pro-
fessor V.M. Galitsky played this role for a while, but was gone well before
my time. Galitsky was Arkady’s physics adviser. He realized that Arkady
was interested not in many-body theory he could teach him, but, rather, in
high-energy physics. Departing from Novosibirsk, Galitsky managed to “sell”
Arkady to Boris Ioffef It was a tremendous piece of luck: it gave Arkady not
only Boris Ioffe as an excellent adviser, but the ability to come regularly to
ITEP, sometimes for an extended time. ITEP had one of the most established
theory groups in Russia, hand-picked by Landau and Pomeranchuk, with a
large number of young and active people. They became Arkady’s life-long
collaborators and friends.

Some ITEP theorists were allowed to go to international conferences. Upon
return, they would bring news which were then reported at ITEP seminars and
discussed at length. Thus, on a large number of occasions, it was Arkady (a
frequent visitor to ITEP) who told us what was happening in the world. And
there were plenty of things to discuss: the emergence of the Weinberg-Salam

€Again, this was way before anybody else thought of this possibility; even now, thirty
years later, this is not yet done but is supposed to be done at Frascati. Similar physics could
be studied at b factories, another project developed early in Budker’s Institute.

fEventually S. Belyaev, V. Baier, I. Khriplovich, B. Chirikov and others created schools
of their own, but that took time.

9]offe recalled that it was a not-so-well-heard phone conversation he received in a noisy
corridor of his then-“communal” apartment; Ioffe just did not managed to say “no”. He did
not regret this later, as far as I could tell.
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model, then QCD, then the “November Revolution” of 1974 when J/v) was
discovered. Yulik Khriplovich and Arkady Vainshtein’s review in Uspekhi,” on
gauge theories of weak interactions, was an example of how close they were
to the front-line of research, and how well prepared they were for applica-
tions of all these new theories. Celebrated “penguin diagrams” by Arkady and
collaborators were a prime example of this era.

Now I should describe my interactions with Arkady in the late 1970’s,
when the celebrated QCD sum rules appeared, focusing the thoughts of many
on the mysteries of nonperturbative QCD. In 1976-1978 I completed my first
set of finite-temperature QCD papers, and thought I was ready to jump into
the game. However, running after the Vainshtein-Zakharov-Shifman trio was
not an easy thing, even with generous explanations which I could always get
from Arkady. Only one of my QCD-sum-rule-related papers got any notice,
the 1981 one,’ which was the first occurrence of the“heavy quark symmetry”.

As a part of my efforts to catch up with these guys, I convinced Arkady
to work with me on a project close to QCD sum rules, the so called higher-
twist effects in deep inelastic scattering. We wrote two papers/ both quite
reasonably cited in the literature now, but both having a completely negligible
effect then. These papers had interesting physics points, but mostly were about
derivation of some lengthy general formulae for these effects. Obviously, I was
not very useful in that, frankly just a drag to Arkady, who knew how to deal
with technical problems en route. His view however was that if there were two
authors, both should independently derive all formulae, from the beginning to
the very end, and only then compare the whole thing. After I weeded out all my
mistakes in derivation of the operator expansion expressions and thought it was
finally over, Arkady announced that without radiative corrections responsible
for the mixing of the operators under consideration, the paper was incomplete
and could not be published. It was the first time in my life I had to deal with
a “perfectionist”-type theorist. It was not an easy experience. What added to
frustration is that after a very influential (at least for me) paper” of the same
trio plus Novikov entitled “Are all hadrons alike?” which appeared at the same

h A 1. Vainshtein and I.B. Khriplovich, Renormalizable Models of the Electromagnetic and
Weak Interactions, Uspekhi Fiz. Nauk, 112, 685 (1974) [Soviet Physics - Uspekhi, 17, 263
(1974)].

‘E. V. Shuryak, Hadrons Containing a Heavy Quark and QCD Sum Rules Nucl. Phys.
B 198, 83 (1982).

JE. V. Shuryak and A. I. Vainshtein, Theory Of Power Corrections To Deep Inelastic
Scattering In Quantum Chromodynamics. Parts 1 and 2, Nucl. Phys. B 199, 451 (1982),
and Nucl. Phys. B 201, 141 (1982).

kV.A. Novikov, M.A. Shifman, A.l. Vainshtein, and V.I. Zakharov, Nucl. Phys. B191,
301 (1981).
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time, we both knew that there was much more in the QCD vacuum than any
operator product expansion could explain. And we both realized that, doing
the same expansion but inside the nucleon, one could not possibly come to a
different conclusion. The lesson I would like to deduce from this part of the
story is that it almost never pays to join already existing development and
simply widen its applications. It is much more instructive to think about its
limitations and deep origins of these limitations.

To go back to a lighter part, Arkady was also my first teacher in down-
hill skiing. (In this case, as in science, he is not responsible for my bad style.)
Unlike in physics, in this case he only considered it important to get a newcomer
on the lifts and get him/her as high as he/she may be fooled to go. Then he
would give primary instructions and, convinced that the person would know
by himself/herself how to fall in a proper time and has enough common sense
not to get killed, would happily disappear.

Of course, the Siberian flats around Novosibirsk were not suited for down-
hill skiing, so Arkady’s instruction took place at Bakuriani Winter School in
Georgia.! The same is true for many people in the room: let as recall and thank
the Bakuriani School organizers once again. I recall, once we came to the slope,
on top of a large truck as usual, but that day there was a problem with the lift.
All except Arkady (and Pontecorvo Jr.) disappointedly went back: these two
were not intimidated at all, they climbed the mountain Kokhta (not a small
one) twice this day, with skis and boots and other heavy stuff in their hands,
and happily glided down. I mention this episode because, obviously, Arkady’s
attitude toward scientific problems is exactly the same.

Many good features of Arkady has been discussed: now let me come to
“problems”. Arkady had no students, at least during the Novosibirsk years
(and perhaps, beyond). A simplistic theory of this phenomenon goes as follows:
Arkady is not patient enough, he solves any problem he can think of too quickly,
he does not need a student to slow him down. I think the true explanation
is the opposite: my observation was he has infinite time and infinite patience.
Explaining something, Arkady simply cannot stop until he is convinced the
other person got it, to the tiniest detail. It may go on for hours or days,
and Arkady will put away any part of his own work to do so. But as one
very seasoned person (in a good sportish shape then) told me, after physics
conversations with Arkady he used to have strong headaches. Another one
went as far as to suggest that after such conversations one always has a feeling
of being hit by a passing truck.

This leads me to a final proposition. Arkady: your noble age notwithstand-

T mean here Georgia in the former Soviet Union. How can we forget the famous statement
from a local Georgian lift operator: “Physicist? Then pay.”
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ing, please proceed with the intensity you like. Still, please, take it somewhat
easier on others...



OF A SUPERIOR BREED

VLADIMIR ZELEVINSKY
Department of Physics and Astronomy, Michigan State University,
East Lancing, MI 48824, USA

To me Arkady always seemed to be a striking and extremely impressive
sample of a human breed, an evidence for the existence of a person who very
naturally reached a summit of human abilities.

I got acquainted with him (and Nelly) almost 40 years ago, in the fall of
1962. I was not particularly close to him at that time. But I remember very
well that Professor Viktor M. Galitsky, a wise man and excellent physicist
himself, was of an extremely high opinion of Arkady, his new Siberian student.
Various conversations inevitably used to end in a comparison of Arkady with
several Moscow graduates who came to Siberia with Galitsky. Sure enough,
this comparison was not in favor of the Muscovites, although some of them
later made quite successful careers in theoretical physics.

I can honestly say (and I am sure that this is not only my opinion) that
very soon we accepted and got used to the fact that Arkady was stronger,
deeper, smarter, and so on, than anybody else in our circle. This was merely
a fact of life. Later Arkady became really a legendary figure, omnipotent
and omni-knowledgeable, capable of helping in any problem related to physics,
science at large, and everyday life ...

I have never worked with Arkady directly, as a co-author. My mem-
ory keeps, however, a few interesting “snapshots.” They reflect two types of
Arkady’s behavior in response to my rather frequent attempts to seek Arkady’s
advice regarding particular scientific problems (I know that other people had
quite similar experiences too). I do not remember anymore which questions
were raised. This is not so important, after all. What is important is that
Arkady’s response was always either of one type or another. Either he would
immediately know the correct answer (or the problem was so stupid that the
answer was trivial right from the start, from his standpoint, of course). In this
case he would start his reply with something like that:

— “Of course, you very well understand yourself that... ”

And in a few minutes the author of the question would be forced to confess
that, certainly, the answer was absolutely clear, and that this transparency was
obvious even before the question was asked ...

A little bit different (and more rare) version of the situation was that

8
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Arkady would not know the answer immediately. This could happen if the
question was related to a scientific area remote from Arkady’s current interests.
Then one could have enjoyed the most remarkable performance: Arkady would
switch on his phenomenal thinking machine , starting from scratch, frequently
on blackboard. Usually the desired answer would be found very quickly. It
would happen so naturally that the inquirer would usually get puzzled: why
the hell he was unable to arrive at the same result by himself. The immediate
punishment for weaker intellectual abilities was unavoidable: Arkady would go
into all details and consequences, often far away from the original question,
and continue his explanations to the point when the inquirer would become
fully exhausted and unable to grasp anything ...

My memoir would not be complete without at least a few words on Arkady
in everyday life. T remember, for instance, that one nice morning we woke up
in an apartment of Victor Chernyak in the East-Siberian city of Irkutsk, on the
shore of the famous Lake Baikal, where there was a conference. We stayed there
overnight — Arkady, myself and my young sister-in-law who traveled with me
to tour Lake Baikal. And, gosh, this morning was special — I am sorry to say,
something happened to the sewer system in Chernyak’s apartment building,
and a part of sewage water gushed out to the floor from nowhere. We discovered
this disaster after waking up, when the disaster had already happened. Arkady
was the only person who did not lose his spirit in this tragicomic situation, and
organized, in a business-like manner, our damage control operation in the most
efficient way, using all available improvised means.

Women see and evaluate things differently, they have another kind of vi-
sion. That’s why I want to conclude my mini-essay by a passage written by
my wife Vera:

“Arkady is a truly outstanding person, outstanding in all meanings of this
word, including his appearance. He is immediately singled out in the crowd,
everybody says that.

What makes Arkady so remarkable? First and foremost, his outstanding
intelligence. This is obvious. There is something else, however. Each facet of
his personality is bright: absolute selflessness, optimism without limits, almost
childish ... No matter what he does — physics research, hiking, wrestling with
computers — he does it with full concentration, leaving everything else aside,
forgetting about the outside world, his family including. Everyone who had
the pleasure of hiking, skiing or dancing with Arkady at least once will confirm
this. I cannot forget a sauna festival Arkady and Nelly once arranged at their
dacha near Novosibirsk. Lots of people came, they were so different and so
sincere, as probably never before. I think, that was due to an atmosphere of a
“festival of life” ... Arkady made it happen. I asked Nelly how she could cope
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with such pace of life.

— Sometimes I get tired, terribly tired, she answered. My housewife’s side
has to be sacrificed. So what? We are always surrounded by great people. We
will never be alone.

By the way, the very same fall Arkady was repairing something on the roof
of their dacha cottage, broke it and fell through. Luckily, there were no dire
consequences.

Sincerity — that’s Arkady’s precious gift attracting to him all of us. We
all remember how hard it was to survive back there. One could not survive
without support of one’s friends. And Arkady was very generous with his
support. A long time ago we were moving from one apartment to another.
Arkady immediately volunteered to be a mover. I remember him grabbing a
refrigerator, putting it on his back and crawling with it to the second floor of
our new apartment building. He did it alone. Then he found out that our kids
had already gone to bed by the time he was done with the refrigerator. He
just dropped by their bedroom, and in a second it exploded, a joyful chorus
of of three happy “piglets.” My “piglets” were happy. Absolute sincerity is
the advantage of children. There are not so many adults who have it to that
extent. This is God’s gift to Arkady, perhaps even more precious than his
intellect.”



DEFYING ZENO’S PROCEDURE

VALENTIN SOKOLOV
Budker Institute of Nuclear Physics, University,
East Lancing, MI 48824, USA

It is somewhat strange but, in spite of my quite vivid memory of Arkady’s
excellent personality and many conversations and discussions I had with him,
I cannot recall anything reasonably coherent. There were very few amusing or
funny incidents since he was always wise and did everything so well. Still it
is my feeling that, being very certain and resolute in his scientific judgments,
he may look rather indecisive in everyday life and sometimes just sinks in all
those ”from the one hand..., but from the other...”.

I remember how I heard of Arkady for the first time. Roald Sagdeev
was one of the examiners at Novosibirsk University (most probably, this was
an examination in classical electrodynamics). After the examination Sagdeev
shared with us his impressions. He repeatedly suggested the same problem
to many students and nobody was able to solve it. The problem contained a
sequence of events, and the question was what will be the result after a great
many steps. Roald knew a trick which allowed one to obtain the result in
a rather economic way. There was only one student in class who solved the
problem correctly though by a lengthy direct summation. Of course, this was
Arkady. However, the most memorable was Roald’s sad tone when he pensively
said:

—“ Well, hmm, this student solves any problem he is asked to.”

Alas, I cannot recall now the problem itself...

Another episode, I am afraid, can be interesting only to a narrow circle of
people. After one of our traditional tea-and-cake gatherings on the “theoretical
floor” at the Budker Institute, (that’s where all theorists had their offices) a
good piece of cake was left over and brought to Pavel Isaev’s office. I happened
to be in this office at that time, and watched people entering from time to time.
Everybody would bashfully cut off a half of the remaining piece, leaving another
half to the next newcomer —- exactly Zeno’s procedure! I made a comment,
something about how considerate people in our small theoretical community
were. Almost immediately after my comment, Arkady entered the office and
made the entire procedure convergent in one step — just by swallowing the
whole remaining piece! And he could not understand why everybody bursted
into laughter so loudly....

11
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With Arkady everything always was quite normal. He is excellent and
that is it. Isn’t this strange? He is really an absolutely remarkable person.
And everybody remembers his brilliance rather than some particular amusing

events.



REMINISCENCES IN PASTELS™

M. SHIFMAN
Theoretical Physics Institute, University of Minnesota
Minneapolis MN 55455, USA

Glimpses of ITEP

For about twenty years, I was a member of the ITEP theory group. ITEP was
more than an institute. It was our refuge where the insanity of the surrounding
reality was, if not eliminated, was reduced to a bearable level. Doing physics
there was something which gave a meaning to our lives, making it interesting
and even happy. Our theory group was like a large family. As in any family, of
course, this did not mean that everybody loved everybody else, but we knew
that we had to stay together and to rely on each other, no matter what, in
order to survive and to be able to continue doing physics. This was considered
by our teachers to be the most important thing, and this message was always
being conveyed, in more than one way, to young people joining the group. We
had a wonderful feeling of stability in our small brotherhood. A feeling so rare
in the western laboratories where a whirlpool of postdocs, visitors, sabbatical
years come and go, there are a lot of new faces, and a lot of people whom you
do not care so much about.

The rules of survival were quite strict. First, seminars — what is now
known worldwide as the famous Russian-style seminars. The primary goal
of the speaker was to explain to the audience his or her results, not merely
to advertise them. And if the results were nontrivial, or questionable or just
unclear points would surface in the course of the seminar, the standard two
hours were not enough to wind up. Then the seminar could last for three
or even four hours, until either everything was clear or complete exhaustion,
whichever came first. I remember one seminar in Leningrad in 1979, when
Gribov was still there, which started at eleven in the morning. A lunch break
was announced from two to three, and then it continued from three till seven
in the evening.

In ITEP we had three, sometimes more, theoretical seminars a week. The
most important were a formal seminar on Mondays, and an informal coffee

™The first part of this article is an abbreviated version of the Foreword to M. Shifman,
ITEP Lectures on Particle Physics and Field Theory, (World Scientific, 1999).
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seminar which at first took place every Friday at 5 o’clock, when the official
work day was over, but later was shifted to Thursdays,at the same time. Usu-
ally, these were by far the most exciting events of the week. The leaders and
the secretaries of the seminars were supposed to find exciting topics, either by
recruiting ITEP or other “domestic” authors, or, quite often, by picking up
a paper or a preprint from the outside world and asking somebody to learn
and report the work to the general audience. This duty was considered to be
a moral obligation. The tradition dated back to the time when Pomeranchuk
was the head of the theory group, and its isolation had been even more se-
vere than during my times. As a matter of fact, in those days there were no
preprints, and getting fresh issues of Physical Review or Nuclear Physics was
not taken for granted at all. When I, as a student, joined the group — this was
a few years after Pomeranchuk’s death — I was taken, with pride, to the Pomer-
anchuk memorial library, his former office where a collection of his books and
journals was kept. Every paper, in every issue, was marked by Chuk’s hand
(that’s how his students and colleagues would refer to him), either with a mi-
nus or a plus sign. If there was plus, there would also be the name of one of
his students who had been asked to “dig into” the paper and give a talk for
everyone’s benefit. This was not the end of the story, however. Before the
scheduled day of the seminar, Pomeranchuk would summon the speaker-to-be
to his office to give a pre-talk to him alone, so that he could judge whether
the subject had been worked out with sufficient depth and that the speaker
was “ripe enough” to face the general audience and their blood-thirsty ques-
tions. In my time, the secretaries of the seminars were less inclined to sacrifice
themselves to that extent, but, still, it was not uncommon that pre-talks were
arranged for unknown, young or inexperienced speakers.

Scientific reports of the few chosen to travel abroad for a conference or
just to collaborate for a while with western physicists, were an unquestionable
element of the seminar routine. The attendance of an international conference
by A or B by no means was considered as a personal matter of A and B
alone. Rather, these rare lucky guys were believed to be our ambassadors,
and were supposed to represent the whole group. In practical terms, this
meant that once you had made your way to a conference, you could be asked
to present important results of other members of the group. Moreover, you
were supposed to attend as many talks as physically possible, including those
which did not exactly belong to your field, make extensive notes and then,
after returning home, deliver an exhaustive report of all new developments
discussed, all interesting questions raised, rumors, etc.

The scientific rumors, as well as nonscientific impressions, were like an
exotic dessert, usually served after nine. I remember that, after his first visit
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to the Netherlands, Simonov mentioned that he was very surprised to see a lot
of people on the streets just smiling. He said he could not understand why they
looked so relaxed. Then he added that he finally figured out why: “... because
they were not concerned with building communism...” This remark almost
immediately became known to “Big Brother” who was obviously watching us
this evening, as usual, and it cost Simonov a few years of sudden “unexplainable
allergy” to any western exposure. His “health condition”, of course, would not
allow him to accept any invitation to travel there. I cannot help mentioning
another curious episode with Big Brother. Coffee, which we used to have
during the coffee seminars, was prepared in turn, by all members of the group.
Once, when it was Ioffe’s turn, he brought a small bottle of cognac and added
a droplet or two in every cup. I do not remember why, perhaps, it was his
birthday or something like that. That was Friday evening. Very early on the
next Monday morning, he was summoned to the corresponding ITEP branch
office to give explanations concerning his “obviously subversive activities”!

The coffee seminars typically lasted till nine, but sometimes much later,
for instance, in the stormy days of the November revolution in 1974. The
few months following the discovery of J/¢ were the star days of QCD and,
probably, the highest emotional peak of the ITEP theory group. Never were
the mysteries of physics taken so close to our hearts as then. There was a
spontaneously arranged team of enthusiasts working practically nonstop. A
limit to our discussions was set only by the schedule of the Moscow metro —
those who needed to catch the last train had to be leaving before 1 a.m.

The ITEP seminars were certainly one of the key elements in shaping the
principles and ideals of our small community, but not the only one. The pro-
cess of selecting students who could eventually grow up into particle theorists
played a crucial role and was, probably, as elaborate as the process of becom-
ing a knight of the British crown. Every year we had about 20 new students,
at the level roughly corresponding to that of graduate students in American
universities. They came mostly from the Moscow Institute for Physics and
Technology, a small elite institution near the city, a counterpart of MIT in the
States. Some students were from the Moscow Engineering and Physics Insti-
tute, and a few from the Moscow State University. They were offered (actually,
obliged to take) such a spectrum of courses in special disciplines which I have
never heard of anywhere else in the world: everything from radiophysics and
accelerator physics; several levels of topics in quantum mechanics, including
intricacies of theory of scattering; radiation theory and nuclear physics; math-
ematical physics (consisting of several separate parts); not less than three
courses in particle phenomenology (weak, electromagnetic and strong inter-
actions); quantum electrodynamics, numerous problem-solving sessions, etc.
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And yet, only those who successfully passed additional examinations, cover-
ing the famous course of theoretical physics by Landau and Lifshitz, were
allowed, after showing broad erudition and ingenuity in solving all sorts of
tricky problems, to join the theory group. Others were supposed to end up
as experimentalists or engineers. Needless to say, the process of passing these
examinations could take months, even years, and was notoriously exhausting,
but there was never a lack of volunteers trying their luck. They were always
seen around Ter-Martirosian and Okun who were sort of responsible for the
program. It should be added that the set of values to be passed from the el-
ders to the young generations included the idea that high energy physics is an
experimental science that must be very closely related to phenomena taking
place in nature. Only those theoretical ideas which, at the end of the day,
could produce a number which could be confronted with phenomenology were
cherished. Too abstract and speculative constructions, and theoretical phan-
toms, were not encouraged, to put it mildly. The atmosphere was strongly
polarized against what is now sometimes called “theoretical theory”. Even
extremely bright students, who were too mathematically oriented, like, say,
Vadim Knizhnik, were having problems in passing these examinations. Vadim,
by the way, never made it to the end, got upset and left ITEP. Well, nothing
is perfect in this world, and I do not want to make an impression that the
examination routine in the ITEP theory group was without flaws.

The ITEP theory group was large — about 50 theorists — and diverse.
Moreover, it was a natural center of attraction for the whole Moscow particle
physics community. Living in the capital of the last world empire had its
advantages. There is no question, it was the evil empire, but what was good,
as it usually happens with any empire, all intellectual forces tended to cluster
in the capital. So, we had a very dynamic group where virtually every direction
was represented by at least several theorists, experts in the given field. If you
needed to learn something new, there was an easy way to do it, much faster and
more efficient than through reading journals or textbooks. You just needed
to talk to the right person. Educating others, sharing your knowledge and
expertise with everybody who might be interested, was another rule of survival
in our isolated community. In such an environment, different discussion groups
and large collaborations were naturally emerging all the time, creating a strong
and positive coherent effect. The brain-storming sessions used to produce,
among other results, a lot of noise, so once you were inside the old mansion
occupied by the theorists, it was very easy to figure out which task force was
where — just step out in the corridor and listen. And, certainly, all these
sessions were open to everybody.

The isolation of the ITEP theory group had a positive side effect. Every-
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body, including the youngest members, could afford to work on problems not
belonging to the fashion of the day, without publishing a single line for a year
or two. Who cared about what we were doing there anyway? This was okay.
On the other hand, it was considered indecent to publish results of dubious
novelty, incomplete results (of the status report type) or just papers with too
many words per given number of formulae. Producing dense papers was a
norm. This style, which was probably perceived by the outside readers as a
chain of riddles, is partly explained by tradition, presumably dating back to
the Landau times. It was also due to specific Soviet conditions, where every-
thing was regulated, including the maximal number of pages any given paper
could have. Compressing derivations and arguments to the level considered
acceptable, was an art which had its grandmasters.

It is high time for Arkady to appear on these pages. Arkady Vainshtein
was especially good at inventing all sorts of tricks which allowed him to squeeze
in extra formulae with very few explanatory remarks. I remember that in 1976,
when we were working on the large JETP paper on penguins in weak decays,”
we had to make 30 pages out of the original 60-page preprint version, and he
managed to do that without losing any equations and even inserting a few
extra ones! This left a strong impression on me.

By the way, about penguins. From time to time students ask how this word
could possibly penetrate high energy physics. This is a funny story indeed. The
first paper where the graphs that are now called penguins were considered in
the weak decays appeared® in JETP Letters in 1975, and there they did not
look like penguins at all. Later on they were made to look like penguins:

and called penguins by John Ellis. Here is his story as he recollects it himself.

"By “we” I mean Zakharov, Vainshtein and myself. Arkady Vainshtein had a permanent
position at the Budker Institute of Nuclear Physics in Novosibirsk. He commuted between
Moscow and Novosibirsk for many years, and was considered, essentially, as a member of
the ITEP theory group. The large penguin paper was published in Zh. Eksp. Teor. Fiz. 72
(1977) 1275 [Sov. Phys. JETP 45 (1977) 670].

°A. Vainshtein, V. Zakharov and M. Shifman, Pis’'ma ZhETF 22 (1975) 123 [JETP Lett.
22 (1975) 55].
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“Mary K. [Gaillard], Dimitri [Nanopoulos] and I first got interested in what
are now called penguin diagrams while we were studying CP violation in the
Standard Model in 1976... The penguin name came in 1977, as follows.

In the spring of 1977, Mike Chanowitz, Mary K and I wrote a paper on
GUTs predicting the b quark mass before it was found. When it was found
a few weeks later, Mary K, Dimitri, Serge Rudaz and I immediately started
working on its phenomenology. That summer, there was a student at CERN,
Melissa Franklin who is now an experimentalist at Harvard. One evening, she,
I and Serge went to a pub, and she and I started a game of darts. We made
a bet that if I lost I had to put the word penguin into my next paper. She
actually left the darts game before the end, and was replaced by Serge, who
beat me. Nevertheless, I felt obligated to carry out the conditions of the bet.

For some time, it was not clear to me how to get the word into this b quark
paper that we were writing at the time. Then, one evening, after working at
CERN, I stopped on my way back to my apartment to visit some friends living
in Meyrin where I smoked some illegal substance. Later, when I got back to
my apartment and continued working on our paper, I had a sudden flash that
the famous diagrams look like penguins. So we put the name into our paper,
and the rest, as they say, is history.”

A few touches on Arkady’s portrait

You can view the previous part as an extended introduction intended to convey
a flavor of the epoch. Of course, it would be better if I could write about the
Institute of Nuclear Physics in Novosibirsk, of which Arkady was a permanent
member. This institution was a remarkable phenomenon in the USSR. I do
not think it had parallels. Budker was running it on a unique fuel, a mixture
of east and west, capitalist entrepreneurship and communist reality, the usual
Russian sloppiness and equally usual creativity. I heard many incredible leg-
ends about it from Khriplovich, Eidelman, Zolotorev and others. It is a pity
that neither of them volunteered to put these stories in writing. I was in this
Institute perhaps a dozen of times. Each time it was a short visit, however
— from a few days to a couple of weeks — too short a time to become an in-
sider. Writing a glorious chronicle of the Budker Institute of Nuclear Physics?
with all anecdotal evidence (which does deserve to be preserved for the future
generations) included, is a task for other people.

As T have already mentioned, Arkady Vainshtein was considered, essen-
tially, as a member of the ITEP theory group. He would visit two or three

PIn the 1970’s Budker was still alive, and one could hardly even dream that a time would
come when the Institute, his child, would bear his name.
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times a year, each time staying for a a month or more. The 1974/75 academic
year was special. Arkady’s daughter Tanya got sick: an awkward move during
a physical exercise led to a spine injury. Out of all clinics in the USSR only one
could provide necessary medical treatment. Sure enough, this was a Moscow
clinic. It was very hard to get her admitted to this clinic for treatment, but
Budker made it happen. He gave a one-year paid leave of absence to Arkady,
and sent him to Moscow. For me it was a blessing in disguise.

It was Arkady and Valya Zakharov who got me involved, in earnest, in
quantum chromodynamics. This happened in the late fall or winter of 1973,
in the very beginning of my PhD work. This involvement shaped my entire
career.

Arkady is a deep thinker. He is the deepest thinker of all people I am
closely acquainted with. When he gets seriously interested in a certain physics
problem — let us call it “problem A” — his mind sends a powerful urge to
start digging. The outside world ceases to exist, the work continues almost on
the 24/7 basis. A sophisticated fantasmagoric construction gradually emerges
in Arkady’s mind. Being left to himself, he would never return back. The
problem A would lead to a set of subproblems ai, as, and so on, which, in
turn, would continuously evolve into a set of sub-subproblems ay,, agy, etc.
Let alone related problems B, C, D, ... The fractal nature of such an approach
requires from Arkady a noncommensurate amount of time and effort. A little
baroque exercise at level a whose impact on the general picture is minute,
is as important to him as everything else. It may take weeks or months.
Nevermind. Being left to himself, Arkady would never say: “this is the answer,
I pause here to let other people know of what I have achieved.” For him, the
pleasure of finding out how things work is sufficient by itself. You may call
him superperfectionist. Yes, that’s the right word, extreme perfectionist.

Only strong external impulses can extract him from the deepening fractal
structure of his making. The onset of the vacation season may serve as such
an impulse. Another option is to distract him by suggesting a new and more
challenging problem. In this latter case the attraction of the new problem must
be overwhelming, to overcome the inertia of the original motion.

Upon forced return from the n-th intellectual journey, nothing can be
taken for granted with Arkady. Even a solid baggage of results and insights
acquired en route is no guarantee that the corresponding paper will ever see
the light of the day. To make a decision to start writing a paper is a torture
for Arkady. Even more so the process of writing. Every research project, its
merits notwithstanding, has loose ends and dark corners. At the discussion
stage everything is volatile, up in the air. What was a loose end today might
find a perfect match tomorrow. But when you put this on paper, this is
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it. Every string of Arkady’s superperfectionist ego protests. The necessity to
document things before they are fully complete (and they never are) burns
Arkady out. Literally.

I remember a funny story that happened in 1982. We were working on a
large project entitled Two-Dimensional Sigma Models: Modeling Nonpertur-
bative Effects of Quantum Chromodynamics.? A motivation for this project
was “donated” to us by Sasha Polyakov. As usual, Sasha had a wealth of
interesting calculations in his treasure trove which he did not consider to be
important enough to warrant publication. In a private discussion he made a
remark which turned Arkady on. At that time we were excited about the gluon
condensate which we had introduced just a few years earlier” Polyakov said:

“Look, guys, both G2, in Yang-Mills and (9,7)? in the O(3) sigma model
are negatively defined in the Euclidean. And in general, these theories are very
similar. You claim that the gluon condensate is positive. I found ((9,7)?) in
the sigma model, and 1 am certain that this condensate is negative. How
come?”

The work on this project lasted for over a year; by 1983 the material
accumulated became so vast it was hard to manage. A paper was drafted in
Moscow and was sent to Arkady, who at that time was in Novosibirsk. He was
supposed to read the draft, make any corrections/alterations he wanted, and
then return it back.

When I say the paper was drafted I mean it. It was a hand-written
manuscript. We had no access to photocopying machines. The copy sent
to Novosibirsk (through a reliable person, certainly not by mail) was the only
one.

In the subsequent telephone conversations Arkady seemed to deliberately
avoid this topic. This went on and on. In half a year I came to Novosibirsk,
and discovered the truth.

Arkady would carry the draft in his briefcase — in the morning from his
home to office, where he would put it on his desk, open and look in desperation
at all those disgusting logical leaps, omissions and other shortcomings which
are unavoidable in the first draft, being unable to delve there, postponing
the beginning of the work till the evening, when he would carry the draft in
the opposite direction. Next day — the same story ... One night something
happened in his garage, which required an immediate intervention. There was
no electricity there and Arkady had to make an improvised torch. He fished
out a few sheets of paper from his briefcase to lighten the place. In haste he
did not notice that this was a good portion of the unlucky draft. When it was

9V. Novikov, M. Shifman, A. Vainshtein, and V. Zakharov, Phys. Rept. 116 (1984) 103.
"M. Shifman, A. Vainshtein, and V. Zakharov, Nucl. Phys. B 147 (1979) 385.
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all over, he was just afraid to tell us of what had happened. It was Nelly who
told me about the burnt manuscript when I came to Novosibirsk.

Well, they say manuscripts do not burn. It took us about a year to produce
a new one. | hasten to add that a new version was much better than previous.
Arkady’s misadventure turned out to be a blessing in disguise.

By the way, I have just mentioned the telephone conversations. Physics
issues were discussed in the telephone conversations with Arkady on a regular
basis. That’s how we worked together. It was not allowed to call long distance
from ITEP (at least, it was not allowed to me). So, I had to call from my
home phone. As a result, my phone bills exceeded any reasonable number I
could afford. (What I could afford was close to zero, if not negative, anyway).
The large JETP paper on penguins was done essentially in the telephone mode.
After that my wife revolted. I had to limit phone physics from my home phone
to one hour a week at most. Fortunately, by that time Arkady discovered that
Budker’s policy on long-distance calls was much more liberal than that of ITEP
— Arkady could call us from his office with very mild limitations.

In retrospect, trying to summarize what was typical for our scientific and
nonscientific interactions over the years, I see, first of all, endless and wvery
exzhausting (but very fulfilling, too) discussions of various physics issues. My
collaboration with Arkady lasts for almost 30 years. He was and still is one of
my teachers. I am happy that I had the opportunity to discuss with him all
aspects of high energy physics an almost infinite number of times.

I see, very clearly in my memory, other episodes too. For instance, guess
what was the major concern of esteemed Professor Arkady Vainshtein each
time he would come to Moscow, towards the end of his visit? He always
had a huge backpack with him. Real huge. And each time before returning
home to Novosibirsk he used to spend two or three days hunting for food and
other basic necessities (such as toothpaste, razor blades and the like), which
in the 1980’s could still be found, from time to time, in Moscow but were
obliterated in Novosibirsk stores. I close my eyes and see him leaving, with
his backpack (weighing, perhaps, 30 kilos) full of oranges, cheese, shoes for his
lovely daughters and other similar exotic stuff which was not considered by
communists to be vitally important for the survival of the country.

The shortage (or, better to say, almost complete absence) of everything
in Novosibirsk had a positive side effect on scientific aspirations and careers
of the Siberian physicists. First of all, nothing distracted young people from
work. More importantly, there was a primitive but very powerful direct rela-
tion between one’s promotion and one’s nutrition. Basic goods were rationed
and delivered to the Novosibirsk scientific community through a system of the
so-called distribution centers closed to general public. One’s scientific stand-
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ing was in one-to-one correspondence with the access to higher-level centers.
Young researchers at the pre-PhD stage were entitled to next-to-nothing. Get-
ting PhD was a step forward. PhD holders (in Russian they are called “Candi-
dates of Science”) could get meat and other protein-rich products. Of course,
the amount was very limited, which kept them aggressive in their research
work. (And young people should do research aggressively, I think everybody
will agree.) Here it should be explained that the academic hierarchy in Russia
follows the German rather than the Anglo-American pattern. An approximate
equivalent of PhD in the US is the Candidate of Science degree. The highest
academic degree, doctoral, is analogous to the German Habilitation. The doc-
toral dissertation is usually prepared at a mature stage of the academic career;
only a fraction of the Candidate degree holders make it to the doctoral level.
Well, defending the doctoral dissertation was a major leap, opening access to
a distribution center almost as good as the one for Academicians. Doctors of
Science were supposed to have meat in their diet on a regular basis.

I do not really know whether this long digression belongs here. Upon
reflection, I decided to keep it because it gives an idea of the environment in
which Arkady lived and worked for many years.

In spite of our 30 friendly years, surprisingly, I cannot say that I know
Arkady well, beyond physics. Complicated processes take place deep inside
him, and one can only guess of what is going on from rare outbursts. Perhaps,
I have a general idea, but details and nuances are blurred ... The only thing of
which I am certain, is that Arkady is the most selfless person of all people I am
closely acquainted with. (Remember, I started this section on the same note).
If he sees that someone needs his help, he is always ready to help. There is no
limit to his patience. If there is something he can share — be it his computer or
skiing skills, or just his strong shoulders — he will always offer his assistance,
generously investing his time, with no back thoughts.
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The Theoretical Physics Institute at the University of Minnesota is a direct
result of the interest and generosity of Bill Fine. It was roughly 20 years ago
that he and I became acquainted, and I discovered that Bill had a deep interest
in physics, specifically High Energy physics. It was through conversations
about this subject that we came to a point at which Bill indicated that he
wanted to do something for the field: the idea of a theoretical physics institute
was born! Bill and I tried to do some fund-raising, but the general public, or
at least the part that we could approach seemed less than enthusiastic about
giving money. Furthermore, the college administration at the time was also
less than interested (Bill and T talked about ”the instinct for the capillary”).
In 1985 Minnesota hosted the 6th Workshop on Grand Unification, and on this
occasion that Gloria Lubkin entered the picture. It was she who pointed out
that the proposal was on too small a scale and that it was necessary to bring
the top levels of the University administration into the planning. She suggested
bringing in Leo Kadanoff as spokesman and potential director to give reality
to the proposal. In the summer of 1986, during a festive and intensive get
together in Minneapolis, Bill and Leo, with strong support by Chuck Campbell,
outgoing head of the School of Physics and Astronomy, and Marvin Marshak,
his successor, persuaded then-President Ken Keller of the merits of building a
Theoretical Physics Institute at the University. Building on a very generous
pledge by Bill Fine, the University committed itself to matching Bills gift
to create two chairs (subsequently split into three) and to provide permanent
funding of a magnitude to support an active, vibrant institute. The Theoretical
Physics Institute (renamed the William I Fine Theoretical Physics Institute on
the occasion of the 15-th anniversary of its creation) became a reality. I was
appointed acting director and during 1987-89 conducted a vigorous search for
director. In 1989 in a fortunate alignment of stars, several things happened:
(1) perestroika, (2) Larry McLerran became the first director and (3) Larry
with the strong support of Gloria Lubkin— an active member of the oversight
committee —decided to take advantage of the unique opportunities provided
by (1). Larry had been to Russia many times, and knew at any given time
where to find people. The people we recruited were known to us, at least by

23



24  Steve Gasiorowicz

name, although I had met Misha Voloshin in Aspen and at DESY earlier. In
any case, the first recruits were Boris Shklovskii in condensed matter physics,
Misha Voloshin and Arkady. Misha Shifman came a year later, as did Leonid
Glazman, and and a few years later, Anatoly Larkin. The first year was quite
miraculous. In addition to these people, a large number of visitors came.
Since we could not pay them a regular salary —-this was still the time when
the Soviet government wanted a cut of the pay — the whole group lived on
per diems and were housed together at 110 Grant, a comfortable highrise in
the center of town. I can only describe it as a year-long summer camp. The
tradition, born in periods of deprivation, that if you could get hold of some
good food you had a party, carried over, and there were always parties. Arkady
and Nelly were among the main organizers of social activities and took it as
their duty to look after the guests. Arkady may have been the only person
who was an experienced driver, and our aged Subaru became the vehicle that
brought people to and from the airport, to and from 110 Grant. It was a
time when we learned about Russian-style seminars—you bring sandwiches, a
thermos and sometimes a sleeping bag. I discovered that if you asked Arkady a
question, he could not only answer it, but had probably written a paper about
it. Ten or so years later, everything settled into something of a routine. Most
of the families settled in, their children moved to successful careers, but there
is still something magical about being on the 4-th floor of the physics building.
When the door is open, its like being at an opera (Mussorgsky?): you dont
understand a word, but t he music is powerful and enchanting (and loud!).
The creation of what some people have called Moscow (and Novosibirsk) on
the Mississippi has been a wonderful adventure, and the new friendships we
have made with Arkady and Nelly, and with all the other newcomers, have
enriched us enormously. So thank you Bill, thank you Mr. Gorbachev and
thank you Arkady!





