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1. Introduction

In these proceedings we summarize the main results obtained in Ref. [1].

The determination of the ground-state (or vacuum) wave functional of QCD, W[A], is tanta-
mount to solving QCD, as any observable (for instance the static potential or the spectrum of the
theory) can then be obtained by the computation of the expectation value of the appropriate op-
erator. Even if the exact solution is not known, properly chosen trial functions may give valuable
information of the vacuum using variational methods (see for instance [4]).

We are still far from obtaining the exact ground-state wave functional of QCD. Even obtaining
approximated expressions is very complicated. This is also true in the weak coupling limit. One
reason follows from demanding the wave functional, besides of satisfying the Schroedinger equa-
tion, to be gauge invariant. This constraint is imposed by the Gauss law, and makes that standard
quantum mechanics perturbation theory can not be applied. A procedure to overcome this problem
was devised in the case of SU(2), and to €(e) in the weak coupling expansion, in Ref. [2]. An
alternative procedure has also been considered in Ref. [5] and worked out to the same order in e.

Here we are interested in the three dimensional version of QCD without light fermions (i.e.
Yang-Mills theory or gluodynamics). The method outlined by Hatfield [2] can also be applied to
the three dimensional case and a general group SU(N) without major modifications. We do so and
obtain the (e) expression for a general group SU(N) in three dimensions. The result is in perfect
agreement with the expression obtained by the expected replacements of the four dimensional result
obtained in Ref. [2]. The results obtained with this method satisfy the Schroedinger equation by
construction but not necessarily the Gauss law, though it can be explicitly shown that it does at
O(e). We then compute the &'(e?) wave functional in what is a completely new result. Again,
this result satisfies the Schroedinger equation by construction but at this order it’s not possible to
explicitly check the Gauss law, due to the complexity of the resulting expressions. The resulting
wave functional is explicitly real (as expected for the ground-state functional) and we name it
WoLlAl

The fact that gauge invariance can not be guaranteed in general is one important drawback
of the previous method. The reason is that the Gauss law is only implemented partially for some
terms in some intermediate expressions. Moreover, even this partial implementation of the Gauss
law is difficult to automatize, as at each order it has to be tailored somewhat.

One solution to the previous problem would be to reformulate the Schroedinger equation in
terms of gauge invariant variables. One such formulation was originally worked out in Refs. [6, 7,
8, 9, 10] (for some introductory notes see [11]) and, more recently, in Ref. [3], where a modified
approximation scheme was devised. The authors use a change of field variables, which become
complex, to simplify the problem. Even though the original motivation of those works was to
understand the strong coupling limit (the opposite limit we are considering here) and confinement
in three dimensions, it is not difficult to see that the approximation scheme worked out in Ref. [3]
could be easily reformulated to provide with a systematic expansion of the weak coupling limit.
We do so and compute the ground-state wave functional to ¢'(e?). The vacuum wave functional
is a function of the gauge invariant variables J, which we then transform to the original gauge
variables A%. The resulting expression is gauge invariant by construction and also satisfies the
Schroedinger equation by construction. We name it Wg;[A] = Wer[J(A)]. Nevertheless, the explicit
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expression has the very unpleasant feature of having a non-trivial imaginary term.

We have then obtained two different expressions for the wave functionals: W, [A] and W;[A],
which actually look completely different. At &(e) it is possible to show after several manipulations
and using the symmetries of the integrals that both of them are equal (so at this order they are real
and gauge invariant). Such brute force approach happens to be unfeasible at &'(¢?) due to the
complexity of the expressions. We need an organizing principle for the comparison. The approach
we follow is to rewrite Wgr [;ﬂ in terms of the gauge invariant variable J and a gauge dependent
field 6¢. All 6 dependent terms should vanish if Wgy, [,Z{] is going to satisfy the Gauss law and we
explicitly show that this happens. This means that both W¢; [A] and W¢;[A] are gauge invariant.
We would then say that both should be equal, since both satisfy the Schroedinger equation. We
actually find (after a rather lengthy computation) that both are almost but not completely equal.
The difference is proportional to a bilinear real term. This is puzzling but there is a reason behind
it: Wgr[A] and We[A] satisfy "different” Schroedinger equations. W¢, [A] was obtained using the
unregulated Schroedinger equation, whereas ¥¢; [X] was obtained after the Schroedinger equation
in terms of J¢ variables was regularized. In this last case, regularization produces an extra term in
the Schroedinger equation, producing in turn an extra term in the wave functional. Irrespectively
of the above this comparison allows to rewrite ¥ [K] in an explicitly real form. This is by far
non-trivial, as the initial ¥g;[J] was explicitly complex and dependent on complex variables. In
particular there is a delicate cancellation between terms such that, after transforming this expression
back to real variables, the wave function becomes real. This is an important test of several parts of
the computation done in Ref. [3].

We believe that the weak coupling reformulation of the approach followed in Ref. [3] can
be helpful to understand the meaning of the partial resummations performed in the approximation
scheme used in this reference, though we do not explore this issue in this paper. Our &'(e) or
0 (e*) wave functional can also be used to test different trial functionals that one can find in the
literature claiming to have the proper weak and strong coupling limit. Typically they reproduce
the leading order weak coupling expansion but not the &(e) corrections. This is certainly the case
with covariantization approaches where the exponent of the wave functional is approximated by a
bilinear term in the B fields (see for instance [12, 13]). Therefore, our results can hint to how those
trial functions could be improved to correctly incorporate corrections in the weak coupling limit.

2. Results

Because we are talking of the ground state we expect the wave function to be real and to have
zero nodes. Therefore it can be written in the following way where F[A] does not diverge for finite
A:

PY[A] = o FIA] — o~ FOAl—eFV[Al-2FPAl+o() @2.1)

2.1 Determination of ¥ (K)

Working in the Hamiltonian formalism, we partially fix the gauge to Ag = 0 and solve the
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functional Schroedinger equation in terms of the gauge fields'

1 5 0 a0\ pa (= _
E/x (‘esxa(z) " §A4(®) +B(¥)B (x)) oL [A] = E¥qL[A], (2:2)

order by order in e, and at each order we implement the Gauss Law

.S .8
V. — +efA -#>‘P Al=0. 2.3
< 53 efAp 5 GLIA] (2.3)

a c

The details of this computation can be found in Ref. [1]. In summary we obtain the following
expressions for the exponent of the wave functional:

| Y R N U T
FEAl =5 [ g G 2GR (B A(=F). 4

3 T,
lfabc/l%% (Zk>{ Yo ,])(kl x A9(%1)) (A (ky) x A° (K3))

i=1
1 -

_m( 1-AYky)) (ks x A (ka)) (K xﬁc(fc}))}, (2.5)

At 0(e*) F® can have contributions from four and two fields (there are no contributions with
three or one field, and the term with no fields can be absorbed in the normalization): F(?)[A] =
F2H[A] + F22)[A]. The result we obtained reads

(2,4) abc pede .= 1
R =g [ 8 l+a) )
oL Wk g g Zi"( ) k1] + k2| + |G1 | + |2

1 (_’d—» o
T T ——— A(QI)XAe(QZ))
2(\k1!+\k2!+\k1+k2)(\ql\+!qzl+\ql+qz!){
I3 1+k2|

k|

1o = 7o - oy oy o
— Z\kl + ko |2 A% (k1) x AL (ky) + (ky + k) x A%(ky) (K - A (k2))

(k1 + k) - ko
Kl
(b x A()) @1 % A%(@0) (A (Ko) - A°(2))

(k1 -A%(Kk1)) (ko x Ab(K2)) + (K1 x A%(ky)) (ky + k2) - AP (K7)

1 7. Ae(= _;‘7&—»_’3—» 7. Aa(T. 7 Ab (T — Ad (=
+ = [2/@-14@((12)— N 254 (%)] (k1 - A (k1)) (ko x AP (K2)) (g1 x A%(41))
|k ||z |G1]|k2 |

1

= (ky - A% (k1)) (ky +K2) x A” (ko) [’j (G +32) x A%(G1) (G2 -A°(32))

(G1 xA%(G1))(G1 +G2) - A°(G2)

| —

q1 qz|

'In the following we use the notation (d = 2): [, = [dx, =/ (dzk $(k) = (2m)48@ (k), and so on.
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_ 2(G1+42) -4 T
k1 +ka|[ki]|G1]1g2|
2k1><k2 = 2.7 - 2b /7 o 2d /= - Te =
s (k1 - A% (k1)) (k2 X A”(k2) ) (G2 X A“(G1)) (G2 < A°(G2))
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2 7 a7 7 7 b7 - e — — Te/—
(k1 x A%(k1)) (k1 + k2) x AP (ko) (G2 x A%(G1)) (G2 x A(d2))
41 + 2|42

(ko x A% (kr)) (k2 x A" (K2)) (G2 % A (61)) (G2 Xﬁe(ﬁz))}

A (k) (ki +K2) % A (K2)(G1 % A%(G1)) (G2 A°(G2))

allg|
1 Aa(T Ab (7T Ad = Ae(=
g (AE) < A() ) (A1(@) x A(@2))

1 7. xa(i 1o = 7N (Rdi= e
(k- A() 5 (1 +o) x A (o) (47(61) ¥ A(82))
al(1d | + 121+ |1+ )
~ (g x A1(g1) (A (o) < A(d2))

(k1 +K2) x A (ko) (§1 +G2) < A4(G1) (G2 - A°(d2))

_l’_

11 + 323
1 b o Tdio s Tes
RATA (G2 x A (k2))(d1 - A%(1)) (G2 x A%(32))

—m@l +%2) Kb(%Z)(§2 XAd(él))(éZ XKa@Z))}} ) (2.6)

for the four-field term. For the two-field term a seemingly very complicated expression is obtained.
Only after a careful comparison with the results of the next section is it possible to obtain the
following compact equality

22) CA/ 1 - SaN T a7
F =-—-N— [ =—(kxA%k))(kxA%(—k)), 2.7)
G =N [ Ex AR E A )
where
N =0.025999 (87). 2.8)

2.2 Determination of W¢;(A) and comparison with ¥, (A)

The difficulties associated with the implementation of the Gauss law could be overcome by
using a set of gauge invariant field variables and solving the Schroedinger equation in terms of
these fields. The vacuum wave functional found in this way is explicitly gauge invariant. One such
formulation was originally worked out in Refs. [6, 7, 8, 9, 10] and the gauge invariant field used

was 2
T =2i (M) A+ = (oM )M 1) (2.9)
e
where
M) =1+et A+ 2 a( 2 oh)A+r o6 2.10
and 1 1
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Out of this transformation the Hamiltonian obtained in these references was

2 1 0 ) 1 A
"= 7/ (- w)2 5]( )5Ja(z’)+/:a‘l (2)97%(2) : (2.12)

5 2CA
—He/ fab° w(z—w) ()5]b /J

It is possible to obtain a recursive set of relations for the different components of the exponent of

the vacuum functional [3]. We have checked those. An approximated solution was also given in
Ref. [3] using a specific truncation scheme. We also checked this. Taking the weak coupling limit
of this solution and transforming the vacuum wave functional back into the original gauge fields
A? allows us to compare it with the vacuum wave functional obtained in the previous section.

At O(e) and O(e?) the resulting expressions are very large and in particular, they have non-
trivial imaginary parts. They can be found in Ref [1]. Using the symmetries of the integrals one can
show after some rewriting that the imaginary part of the &'(e) term in this approach vanishes and
that its real part is identical to Eq. (2.5). For the &(e?) terms, however, this "direct" comparison
is not feasible, as they are too large. We need an organizing principle that allows to split the
comparison into pieces. The procedure we follow is to rewrite Wz, in terms of J and A (actually
we use a related variable named 6 = %A +...). If W1 and Wy are going to be equal, all terms
proportional to A (or 6) should vanish. Moreover, to a given order in e the polynomial in A is finite
so only a finite number of terms need to be compared. This splitting simplifies the comparison
considerably even though the calculations are still lengthy and tedious. Extra details can be found
in Ref. [1].

In the end we find that F(©, F(!) and F(2#) are real and agree with the corresponding expres-
sions found above, while the bilinear term F((;,z) [J(A)] is real but different from F((;ZL’Z) A].

All together we obtain the following equalities

k2

- Cqé? - S
FoulA(J,0)] = ForlJ] - = / [T B R+ 0@, 2.13)
or in terms of the gauge fields
- S Caé?
Foild (A)] = ForlA] - =22 /kW(kxA“(k))(kxA“(—k))+ﬁ(e3>. (2.14)

-

The first equality implies that Fg.[A] is gauge invariant to &(e?), the second that Fg;[J] is real to
0(e?).

Overall we get complete agreement except for one bilinear real extra term in Fg;. Its origin
can be traced back to the appearance of the last term of the Schroedinger equation in Eq. (2.12).
In turn this term appears from an anomaly-like computation only after the kinetic operator has
been regularized. Note that F;; was obtained without regularizing the theory, working with formal
expressions. Therefore, even if the final result was finite, one could have missed contributions of
this kind. For the other terms of F' we have got a double check, which gives us strong confidence
in our result.
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3. Conclusions

We have computed the Yang-Mills vacuum wave functional in three dimensions at weak cou-
pling with &'(e?) precision. We have used two different methods to solve the Schroedinger func-
tional equation: (A) One of them generalizes to &(e?) the method followed by Hatfield at &' (e) [2].
We have named the result obtained W, [A]. (B) The other uses the weak coupling version of the
gauge invariant formulation of the Schroedinger equation and the ground-state wave functional
followed by Karabali, Nair, and Yelnikov [3]. We have named the result obtained W¢;[A]. Each
method has its own strengths and weaknesses, and they are to some extent complementary.

The computations performed with method (A) are relatively simply and the results are explic-
itly real. The generalization to four dimensions of the ¢(e?) computation does not present major
conceptual problems. Note that this is the order at which we expect to start to see the running of
the coupling constant in D = 4. On the other hand, such a computation has two major drawbacks.
First, the implementation of the Gauss law is not done in a systematic way but partially imple-
mented in some intermediate steps. Therefore, we cannot guarantee a priori that the final result
satisfies the Gauss law. As the results rapidly grow in size and complexity, a direct check turns
out to be unfeasible. Actually we were only able to check the Gauss law with the help of method
(B). The major drawback however is that the computation has been performed with an unregulated
kinetic operator. Whereas all computations can formally be carried out obtaining a finite result,
some terms may be missed in this way.

The computations with method (B) are somewhat more involved. Rather lengthy expressions
appear when we rewrite the wave functional in terms of the gauge fields A, which, moreover, look
complex. Trying to prove by brute force that the result is real turns out to be impossible. Actually
we only manage to prove it after a careful comparison with the result of method (A). Moreover, a
possible generalization to four dimensions does not look trivial. On the other hand, method (B) is
particularly appealing, as it directly works with gauge-invariant degrees of freedom. Therefore the
Gauss law is automatically satisfied and it is not necessary to impose this constraint. It should be
noted that with this method the Schroedinger equation can be solved recursively. Therefore, it could
be possible to automatize it and obtain the wave functionals at higher order with a combination of
algebraic/numeric programing. Finally and most important is that the operators in this computation
have been regularized. This produced nontrivial contributions.

We have compared both results. It is very difficult to show that they are equal in a direct
way. The strategy we follow helps a lot, yet it continues to be extremely complicated to show the
equivalence of two given expressions. As we have already mentioned, this comparison has allowed
us on the one hand to prove that W, was indeed gauge invariant and on the other hand that W¢;
was real. Most interestingly the agreement between both results is almost complete except for one
extra term that appears with the method (B). This term shows up from an anomaly-like computation
once the theory is regularized. Such a contribution does not show up in method (A). Apparently,
this is due to the fact that no regularization was used in this computation. This result is potentially
very interesting because it is precisely this term that produces the mass gap and a linearly rising
potential in the strong coupling limit in Ref. [10]. Therefore, it’s important to understand how
(and if) such a term can be generated in a regulated version of the Schroedinger formalism in terms
of the gauge fields, as this contribution has not been checked with an independent method so far.
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However, as regularization in the Schroedinger formalism with gauge variables is, to a large extent,
uncharted territory, this requires a dedicated study beyond the aim of this work. Yet, we plan to
address this issue in the near future.
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