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Abstract. Assuming that the S-matrix on non-commutative (NC) spacetime can still be developed per-
turbatively in terms of the time-ordered exponential of the interaction Lagrangian, we investigate the
perturbation theory of NC field theory. We first work out with care some typical Green functions starting
from the usual concepts of time-ordering and commutation relations for free fields. The results are found
to be very different from those in the naive approach pursued in the literature. A simple framework then
appears naturally which can incorporate the new features of our results and which turns out to be the
usual time-ordered perturbation theory extended to the NC context. We provide the prescriptions for
computing S-matrix elements and Green functions in this framework. We also emphasize that the naive
seemingly covariant approach cannot be reproduced from the current one, in contrast to the field theory
on ordinary spacetime. We attribute this to the phase-like non-local interaction intrinsic in NC field theory
which modifies the analyticity properties of the Green functions significantly.

1 Introduction

The idea of describing coordinates in terms of non-com-
muting operators goes presumably back to Heisenberg and
appeared already in a paper by Snyder [1] in 1947, ex-
tended by Yang [2] in the same year. It was associated with
problems of treating hadrons which are extended objects
and the assumption that there might exist a fundamen-
tal length. At that time renormalization theory was not
yvet well developed, but considered as a “distasteful proce-
dure” [1]. Even today this judgment might be shared by
some people. In any case the opinion is widespread that at
least in a theory which describes consistently all phenom-
ena down to the Planck length the notion of spacetime un-
dergoes some drastic change. The attempts of Connes and
Lott [3] aiming at a reformulation of the standard model in
terms of non-commutative (NC) geometry started a new
era which has been continued in the context of string the-
ory [4]. An analysis which brought the subject neatly into
the context of somewhat more conventional quantum field
theory has been provided by Doplicher et al. [5]. They
showed that there exist representations of the coordinate
operators such that for a class of minimal states in the
state space of the system interactions can be written as
the Moyal product of standard quantum fields as they
have been introduced by Filk in another context [6]. The
road is then open to perturbation theory which has as a
new element just this non-local interaction.
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Many calculations and model considerations have been
performed in this vein and led to interesting new prob-
lems, most noticeably ultraviolet—infrared mixing [7] and
a potential violation of unitarity [8]. These were all based
on the assumption that up to modifying vertices by NC
phase factors the Feynman rules are the usual ones, in
particular that lines are represented by the conventional
Feynman propagators. Doubts on this have been raised re-
cently in a paper by Bahns et al. [9] by reformulating in ¢3
theory the equation of motion in terms of the well-known
Yang-Feldman equation [10]. They arrived thereby at a
solution which is manifestly Hermitian; hence the theory
must be unitary even if time-space NC is non-vanishing.
This is, of course, in line with the general considerations of
[5], but does not yet explain why one arrives at violation
of unitarity in the same model if one uses the Feynman
rules of Filk [6], as shown in [8]. Our study shows that
the answer is very simple. Starting from standard free
field theory, i.e. the standard commutation relations and
multi-particle Fock space, one still formally defines the
S-matrix as S = T exp [ifd4z£int]. But when perform-
ing the contractions according to Wick’s theorem prop-
erly one can never combine the contraction functions of
positive and negative frequency to the causal Feynman
propagator. This arises because when time does not com-
mute with space, the time-ordering procedure does not
commute with the star multiplication either. The naive
approach in terms of Feynman propagators is thus not
well founded.

In the next section we shall illustrate this statement
by a detailed analysis of some examples. The picture on
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how to proceed in the general case will appear naturally
in Sect. 3. It turns out that the correct procedure of do-
ing perturbation calculations in NC field theory is just
the time-ordered perturbation theory extended to the NC
case. We shall spell out the prescriptions for computing
S-matrix and amputated Green functions. We also pro-
vide an argument on how the seemingly covariant result in
the naive approach cannot be reproduced from the time-
ordered perturbation theory. We give our conclusions in
the last section.

2 Analysis of some examples

The basic quantity in quantum field theory is the Green
function which determines the probability amplitude of
the S-matrix. We assume that perturbation theory for
NC field theory can still be developed in terms of vac-
uum expectation values of time-ordered products of field
operators so that the Green function is computed as a
series expansion as usual,

G(£C1, . ’xn)
= I (1(1) - pulaa)e! T =5 ) o), (1)

where Lin; is the interaction Lagrangian. When one ex-
pands the above in L;,, T is meant to be taken before in-
tegration over spacetime is carried out. The time-ordering
itself is also defined in the usual manner; for example, for
free bosonic fields, it is

T(p1(z1)p2(22)) (2)
= 7(2) — 25)p1(x1)p2(w2) + 7(25 — 29)pa(x2) 1 (21),
where 7 is the step function. (We reserve 6 for the NC
parameter.) In this section we shall work out explicitly
some Green functions in NC field theory using the above
definitions and free field commutators. The differences to
the naive approach of NC field theory will be clearly illus-

trated by them.

2.1 The vertex for the cubic scalar interaction

Let us start with the following three-point function:
G(I’l,fﬂQ,xg) (3)

- / 4 (O[T (ol ) o2 pls) (0 % 0 % 0) () 0),

which would occur in ¢? theory. The star product is de-
fined as

(x50 = |exo (500000 @)

y=x

where z, y are the usual commutative coordinates and 6,,,,
is a real, antisymmetric, constant matrix characterizing
the non-commutativity of spacetime, [Z,,, 2, ] = 10,,. As in
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the usual field theory, the basic idea to work out the above
quantity is to reexpress the time-ordered product in terms
of the normal-ordered product (N) plus contraction terms
arising from field commutators when interchanging field
operators. Sandwiched between the vacuum state, only the
completely contracted terms will contribute. In the usual
field theory this is accomplished by Wick’s theorem and a
completely contracted term is given by a product of Feyn-
man propagators. The same result is taken for granted in
the naive approach of NC field theory. But as we shall
show below this is actually not the case when time does
not commute with space.

In the example of (3), there are 4! time-orders but we
only have to consider two groups of them, namely, 9 >
r3 > (29 and 29) and (2§ and 29) > 29 > ¥, while others
may be obtained by interchange of coordinate indices. For
both of them, the following result will be useful:

T (w304 * 04 * 01) = N (P304 * 04 * ©4)
+ N <2D(0)<P3904 + /dgquoggo(u — Q))

+ 734N (D3g * g % 04 + @4 *x D3y x o4 + @4 % 04 x D3y)
+ TugN (Dy3 * 04 * 04 + @4 * Dyg % pg + @4 * @4 * Dy3)

+ T34 (2D(0)D34 + /dSMqD(l‘g, — T4+ Cj))

+ 743 <2D(0)D43 + /dSMqD($4 —x3— (j)) ) (5)

where the star multiplication refers to z4. Some expla-
nations are in order. We have denoted the arguments of
functions by the indices of their coordinates when no con-
fusion arises; e.g., w3 = (x3), D3y = D(xz3 — x4) and
113 = 7(2§ — 29). The above result is obtained by push-
ing annihilation (positive-frequency) operators to the right
and creation (negative-frequency) operators to the left us-
ing the basic commutation relation between them,

o(z) = " (x) + ¢~ (),
(e (x), ¢ (y)] = D(x —y)

- / By expl—ips - (z — )], (6)

where d®p, = d®p[(2m)32E,) ™! is the standard phase
space measure with F, = (p2+m?)Y/2, and p} = (AEp, p)
(A = &) is the on-shell momentum with positive or neg-
ative energy. Due to NC of the star product we have to
take care of the order of ordinary functions in addition
to the order of annihilation and creation operators when
interchanging operators. For example,

N(psxparps) =[pt xpTxot + o7 xpt x "
S LR A S
+ (e k) x0T + @ x(pT x ™)
+ o * (@ k) + (97 %07 )xpT](24)
+2D(0)ps + / Bpugelea— ), (7)

where G, = 0,,¢" and x refers to the star product using
—0,,,.. The last but one term arises from contractions of the
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left and right fields with the middle one which is divergent
as usual, while the last term comes from the contraction
of the left with the right which is non-local because of
the star product. These two terms are the origin of the
third line and the last two lines in (5). These terms will
finally contribute to the disconnected part of G(x1, 2, z3)
and are thus ignored from now on. The second line in (5)
does not contribute either when multiplied from the left by
12 or from the right by psp; and sandwiched between
the vacuum. We are thus left with the fourth and fifth lines
in (5). Before we proceed, we would like to stress that for
NC time-space (i.e., 8p; # 0) it is not permitted to change
the order of time-ordering and the star multiplication since
the former involves a distribution functions of time and
the latter contains derivatives with respect to time. In
this general case, we cannot move 734 and 743 inside of
the star product to form with D34 and D43 the Feynman
propagator Dg(x3 — x4). This is the main source of the
difference in the current approach from the conventional
one pursued in the literature. Only when time commutes
with space, the two approaches become identical.

Let us go back to the computation of G(z1, 22, z3) and
consider the time sequence x9 > 29 > 29 > 2,

A = (012N (Dsy * 4 * 94
+ 04 x D3y % @4 + @4 % 4 * D34)|0). (8)

Up to disconnected terms, only the combination

wfw;"'%f"'s%
contributes. Applying repeatedly
00305 = 050193 + Daapf + Duapy,  (9)
we obtain
A ={D14, D24, D34}, (10)

where the star refers only to x4 and we have introduced
the completely symmetrized sum of the star products,

{Bh BQ» B3}* = Z BTr(l) * B7'r(2) * B7T(3)7

73

(11)

where 73 is the permutation of three objects. The above
result is symmetric in 1 and CC2 and thus applies as well to
the tlme sequence 3 > 29 > 29 > 24, Including the case
of 2§ > 9, we have, for T12T34 and up to disconnected
terms,

(OIT (p1p293(p * 0 * ) (4)) |0)
= 134{ D14, D24, D3s}« + Tu3{ D14, D24, Ds3}., (12)

where 115734 denotes the time seq(l)lence (29 and 29) > (29

and z9). The opposite case of (z%andz)) > (z%andz) is
similarly computed to be

T34T12 : T34{Dua1, Daa, D3s}s + Ta3{ D41, D2, Dy3}«. (13)
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The other two pairs of cases are obtained by permutation
of the indices 1,2, 3:

To3T14 0 T1a{D24, D3s, D1a}s + Ta1{D24, D34, Dy1 },
T14T23 . T1a{Da2, Dasg, D1a}y + Ta1{Da2, D43, Dy1 }+,
T51To4 : T2a{Ds4, D14, Das}s + Ta2{ D34, D14, Ds2}
To4T31 0 To4{Das, Dar, Do}y + Ta2{Da3, Ds1, Dy2} .

(14)

The above results can be combined into a compact ex-
pression. Since the connected contribution involves exclu-
sively functions Dj4 and Dy; (j = 1,2,3), we hope that
they are also accompanied exclusively by step functions
7j4 and 745. This is indeed the case as in ordinary field
theory. Actually all terms except {Di4, Dag, D34}« and
{D41, D42, D43}, are already in the desired form. There
are three contributions to { D14, D24, D34}, arising respec-
tively from the time sequences (z{andz) > z§ > x,
(xdandz?) > 29 > 2§ and (z8andzl) > 2§ > 2¥, whose
union is identical to the sequence (z%andz%andzf) > 9
corresponding to the product of step functions 74724734.
A similar combination occurs for { D41, Dya, D43 }+, so that

OIT (p1p29p3( * o x @) (24)) |0)

A3 A1 A2
Z 7'14 247'3 {D14aD24aD e
>\1>\2)\3

(15)
where \; = £ defines the direction of time in the relevant

function,
7_)\47. ) T4, D)\j . Dj4,fOI‘)\j =+,
ra— 1=
J T4j, J D4j,f0r)\j = —.

We would like to emphasize again that it is generally not
permitted to move the step functions into the star prod-
ucts in (15). Only when time commutes with space, we
are allowed to do so and the result of the naive approach
is reproduced,

{Dr(z1 — x4), D (22 — x4), Dr(x3 — 24) }+,
for 6y; =0,

(16)

(17)

where Dp(z; — z4) = JZDJZ + 7;4Dj, is the Feynman
propagator in coordinate space.

To transform into momentum space we first work out
explicitly the quantity in (15). Using the expressions

i [ explois(ad — af)
T»4 = — Sj "
J 21 J_o 55 +ieA;

Aj .
Dj4 /dgl’l/pj eXp[_lijj ) ('1:] - ‘7"4)])

)

(18)
we have, for example,

)\1 Az >\3 A] >\2 )\3
T14 T24 T34 (D14 * Daj % D34)

3 j d 1P7 Z 5 1’4)
= H |:/ S]/d /pr] S +1€)\ :l
Jj=1
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X exp[—i(p1x, s P2rs: Paxs)]
3 4
x exp[—i(P1x,s P2xz, P3xs )]s (19)
where we introduced p? =s; +AjEp, and
A
Pa(k) = 2E,[k0 — A(Ey, — i€)]
= (2B — (B, —ie)])
(ki ko, ko) = > ki Ny, (20)
i<j
with p A ¢ = 1/2 6,,p"¢”. The pair of parentheses in-

troduced above has some propertles to be used implicitly
later on. It changes sign when the order of arguments is
reversed. The shift of sign in some arguments is identical
to the shift of sign in the remaining arguments. It is im-
portant to note that the wedge product in the NC phase of
(19) involves only on-shell momenta of positive (A; = +)
or negative (\; = —) energy corresponding to propagation
in the time direction of 2§ > 2§ or 2§ < {. Including all
permutations of D factors in (15) which amounts to sum-
ming over permutations of the NC phase, and integrating
over x4, we arrive at

G(xla x2, x?))

- hf/e

A A2hg j=1
x (2m) 54(]31 + pa2 + p3)

X Zexp

Transformlng into momentum space is now straightfor-

ward:
3
H [/ d*z; exp(—ik; xj)]
=1

XG(.’El,.’E27ZL'3)

——LiPy (p;) exp(~ip; - z;)

(21)

p‘n' 1)>\7r(1) 7p7'r(2)k,,r(2) ) pﬂ(3))\7r(3) )}

é(kla kQa k?)) =

3

= (2m)* 0% (k1 + ko + k3) Z H [iPy, (k;)]

AMA2As j=1
X Z eXp[_i(kﬂ(l)A«u) s Kx(2) A2 Rr(3)Ana) ) (22)

where k;’s are the incoming momenta into the vertex.
We have reversed the signs of variables A; and A, used
P_yx(—k) = Px(k) and the property of the parentheses
to remove the minus signs in the arguments of the NC
phases.

We make a few comments on the above result. First,
the NC phases involve only on-shell momenta of positive
and negative energies. For a given set of \;, the permuta-
tion sum of NC phases is

2cos(kix, s kaxy, k3xg) + 2 cos(kax,, kang, kix,)

+2cos(ksng, ki, s Fax, )- (23)
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Note that the above does not simplify into 6 cos(k1x, , k2, )
etc. as it does in the naive approach where all kj,, are
replaced by k;. The reason is that while Ej k; = 0is al-
ways true this is generally not the case with kj;y, where
ko is replaced by A;jFEg;: even if this sum vanishes for
some configuration of A; and kj, it cannot vanish for all
configurations. For the case of 1dentica1 fields considered
here, there is even no such configuration at all due to
kinematics. Furthermore, since the NC phases depend on
the time direction parameters A\; we cannot exhaust the
sum over \; by using iPy (k) + iP_(k) = iDp(k) with
iDp(k) = i(k? — m2 + ie)~! being the Feynman propa-
gator. These findings are completely different from the
naive approach. It is intriguing that such differences oc-
cur already at tree level in perturbation theory and we
thus expect that the whole picture of perturbation theory
will be altered. The differences arise from the fact that we
are in general not allowed to interchange the order of the
time-ordering procedure and the star multiplication. Only
when 6y; = 0, the star multiplication does not involve time
derivatives and the NC phases in (22) are independent of
Aj, and then the differences disappear.

The external lines in G may be amputated by mul-
tiplying by an inverse Feynman propagator (ilA)F)*1 for
each external line and noting that

Px(k) = Dr(k)na(k),
(k) = ; (1 + Ag‘;) (24)
We obtain the 1PI vertex for the above G:
I(ky, ko, ks)
= (2m)%6* (Z k) > f[
i {r =1
A (DAry Kr(@2)An ey Br(3)2n ()] (25)

X Zexp[—l(k

2.2 The two by two scattering
through cubic interactions

To motivate our generalization in the next section, we con-
sider the following four-point function,

Il; ZL'Q,Ig,.’,E4

/d4$5/d Te

X (0T (m1maxsxa(m* o *xm)5(x * 0 * X)6) |0),

(26)

which would arise from the Lagrangian of cubic interac-
tions amongst real scalar fields,
Ling = (27)

—gr(mxoxm)(x) — gy (X * 0 % X)(T).

We have deliberately introduced non-identical fields to
avoid unnecessary complications due to many possible
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contractions amongst factors of identical fields, which just
amounts to proper symmetrization of the NC phases, as
we saw in the above example. Our goal will be the S-
matrix element of the two by two scattering mm — xx
and its crossed channels.

It is clear that we should first contract the two o fields.
We have, for 29 > 20,

(O|T (mymax3xa(m*xoxm)s(x * 0 *x)s) |0)
= /dgﬂp<0| e (ﬂ-*e*ip'%-‘xr) *77)5 .

x(xx et x)g - |0),  (28)
and for 29 < z,
(O|T (mimaxsxa(m* o xm)s5(x *x o *X)g) |0)
N /dgup<0| (X xeTPET s x)g
X (mHkeTPHT5 om)s . [0),  (29)

where the dots represent other fields appropriate to the
time—ordering and p refers to the o field, especially pl. =
+E, = +(p* +m?2)/2.

Next we consider contractions of 7w and y fields. Since
[mi,Xx;] = 0, the relative order of 7 and x fields is ir-
relevant; what is relevant is the order within the groups
(29,29, 22) and (29, 23, 22) respectively. Corresponding to
x) > 2 and 2§ > 29, we have two possibilities, T125T346
and T346T125. Let us study the 7 field contraction,

<O| o T(7T17T27T5 * etiP+ @5 4 7T5> - ‘0) (30)

There are 3! orders. For example, for 2§ > 29 > 22, the
above becomes, up to disconnected terms,

O] - - mf my + eFP+%5 5oz |0)

= <0| cee (D157T2 +D257T1 )*ei"” s *71'5 e |0>

= (D15 % eTP+75 & Dog 4 (1 45 2))(0] - - - |0),
where D15 and Dss refer to the 7 field and x refers to
x5. The above is symmetric in 1 and 3 and thus actu-
ally corresponds to the time-order specified by 715725. The

other time-orders can be similarly computed. Their sum
gives the complete result for all orders,

(31)

<0‘ (7T17T27T5*eiip'w5*7T5)"'|0> (32)
= 3 TR (DY e DY (165 2)(0] -+ [0).
)\1)\2

The last factor in the above is precisely the one for the y
field contraction and is similarly computed. We thus have

<0‘T (71'1’/T2X3X4(71’*0*7T)5(X*0’*X)6) |0>

)\1 )\2 )\3
/d HpTs6 E T15 T25 T36 7'46
{5

x [Di e DYz 4 (16 2)]

x [D3g wetPe e s DY 4 (340 4)]

473
+ (same as above exceptTse — Tes, T5,6 — —T5.6)
3 SVEDY
/d Hp Z Z Tis 7'25 7'36  Ta6 T56
{xit A
x [ D xeT DYz 4 (165 2)]
X [Digxe T w Dit + (30 4)] (33)

where D32 and D} refer to the y field and the star in the
second factor is with respect to x¢. In the second equality
we have made the shift p — —p for A = —.

Using the representations as shown in (18) and the
same trick that led to (19), we make the above Green
function ready for transformation into momentum space.
For example,

A1 A2 A3
T15 T25 736 T46 T56

A1 —ipx-s A2 A3 +ipx-ze Ag
X [D15 *e * D32 | |Dsé xe * Dy

:jljl[ ((;p){lipkj(pj)] / é;l)iliPA(p)

w e ip1(T1—25) o —ip2- (T2 —75) o —ip3-(¥3—T6)

% e—ip4'(14—16)e—ip'(I5—I6)

(34)

X exp[— i(p3rg, +Pxs Pary))-

i(pl)\l 3 _p)\vp2)\2)] exp[—

We can now integrate over x5 and zg, which results in
two factors of § functions, then transform into momentum
space, and sum over all terms,

Gk, ko, k3, ka)

4
= H |:/ d4xje_ikj'xj:| G(xlnya‘r?nx‘l)
7j=1

4 (Zkz> Z ZH IP,\ IP)\< )
i A g
x (exp[—i(kix,, —pa, kax,)] + (1 <> 2))
X (exp[—i(k3xs, +Dx, kax,)] + (3 < 4))
= (2m)*6* (Z k:) SO TP, (k)] iPa(p)
i N A

X 2cos(kix,, =P kax, )2 cos(ksng, +px, karn, ), (35)

with p = k1 + ko = —ks — k4. Be careful that k1x, +kox, #

Dx # —kaxa, — kan,- For comparison, in the naive approach
the above would be

(Zk ) [LDr (k))liDr(p)

x 2cos(k1, k2)2 cos(ks, kq), (36)

which according to our preceding analysis is correct only
for 8y; = 0. The 1PI function is obtained by amputation,

ﬁ(k17 k?y ksa k4)
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() SE e

X 2cos(k1x,, —Px, k2x,)2 cos(k3x,, +px, kax,)-

)] iPx(p)

(37)

Let us now extract the S-matrix element for on-shell
particles from the above 1PI function. We take the ex-
ample of 7w — xx scattering. This means that k9 =
+FEk,, kS = +Ek,, kY = —Eg,, kY = —FE,. Thus only one
term in the sum over {\;} contributes due to n_(k1) =0
etc. Including the coupling factors as well, the transition
amplitude is

T (m(k1) + m(k2) — x(ks) + x(ka))

= (2m)*6" (k1 + k2 — ks — k1) D_iPA(p)
A

X (—igx)2cos(k1+, —px, ka+)

x (—igy)2cos(—ksy,pr, —kat)

= (2m)46% (ky + ko — k3 — ka)iA, (38)

where p = k1 + ko = ks + k4 and A is the amplitude
with the usual normalization as computed from Feynman
diagrams in ordinary quantum field theory. Note also that
we have reversed the signs of k3 and k4 so that ks —
—ksy, ks — —kygq. More explicitly,

T (m(k1) + m(k2) — x(k3) + x(k4))
= —grgx (2m)16" (k1 + ko — k3 — ka)
2cos(k14, —p+, kay)2cos(—ksy, py, —kay)
2B, +x, (K9 + kS — By, 1k, + i€)
2cos(—ksy,p—, —kay)2cos(kis, —p—, kat)
2Bk, (=S — k§ — By, +1€)

(39)

We make a few remarks concerning the S-matrix cal-
culation. First, the crossed channels of the above process
may be obtained similarly. For example, for mx — my
scattering, we may choose k¥ = +FEy,, k3 = —Ek,, kS =
+Eg,, k§ = —Ek,. Second, from the above detailed analy-
sis it is clear how to calculate the most complicated case of
identical particle scattering through their self-interactions.
We should include all possible Feynman diagrams and for
each of them employ the same analysis which just amounts
to more symmetrization at the vertices with respect to
identical fields. In this way we get the following contribu-
tions to the amputated four-point Green function of the
7 field at the lowest level in Liyy = —gr7m *x T * ,

I(Kq, ko, ks, ka)
4
2 (Zk) ST s, ()
{NF A

i

x (As + A+ Ay), (40)

where A, A;, A, are from s—, t—, u—channels respectively,

As = 1P (ps) Z exp[fi(kl)\l y k2)\ga 7ps)\)]

3
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X Zexp

Ay = iPx(py) Y expl—i(kin,, ksng, —pir)]

3

X Zexp

A, = iPy(py Zexp

T3
X Z exp[—

with ps = k1 +ko, pr = k1+ks, py = k1+ k4. Here 73 refers
to the 3! permutations of the three momenta appearing in
each factor of the NC phase sums. It is straightforward
to project the S-matrix element from the above which we
shall not write down. And there is also no problem to ex-
tend to more complicated interactions like ¢*. Finally, if
our aim is restricted to the S-matrix for on-shell parti-
cles, we may proceed more directly from the expectation
values of the S-operator. For the above example, we need
compute the following quantity,

k‘3A33 k4>\47 +p5k)]

i(kax,, kax,, +Per))s
i(k1ay, kaxg, —Pur)]

i(k3xg, k2xg, +Pur)]; (41)

(IS Imm) = (—ige) (—igy) / dzs / dag (x (s ) x (k)|

X T ((m %0 xm)5(x * 0% X)6) [ (k14 )m(k2))
+ higher orders, (42)

which just corresponds to a special assignment of the time-
order in (26), namely m; and 2 in the far past, y3 and x4
in the far future, and others in between. This is precisely
the contributing part in the above analysis. There is thus
no doubt that the results for the S-matrix coincide. The
main advantage of coping with the Green function for this
purpose is that we may project all physical processes from
the same Green function.

3 Generalization

The structure shown in (39) looks familiar to us and is very
suggestive. Actually it is nothing but the “old-fashioned”,
time-ordered perturbation theory [11,12] properly modi-
fied to NC field theory. This fits also on a somewhat more
formal level to the pragmatic point of view which we as-
sume here. The S-operator maps on the one hand any
prepared incoming state onto the respective outgoing one,
but this can also be considered as the time transport of
this incoming state into the outgoing one. As long as we
can represent it as a time-ordered exponential with a Her-
mitian exponent times the pure imaginary unit i we have
formal unitarity and thus satisfy the first requirement for
true unitarity which means conservation of the transition
probability in the sense of quantum mechanics — to which
we shall return in a separate publication.

The time-ordered Feynman diagrams for the above ex-
ample are depicted in Fig. 1. In the language of the time-
ordered perturbation theory, a physical process is virtual-
ized as a series of transitions between physical intermedi-
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(b)

Fig. 1. Time-ordered diagrams corresponding to (39). Time
flows upwards

ate states that are sequential in time. The transition am-
plitude is weighted by the interaction vertices which are
evaluated for on-shell momenta if they depend on them
and by the energy deficit of the intermediate states. Re-
alizing this, it becomes obvious how to proceed in the
general case. For further applications, we give below the
prescriptions for computing the on-shell transition matrix
T at some fixed order in perturbation, which are readily
generalized from the ordinary ones [11,12]. The additional
piece for general off-shell amputated Green functions will
be described later on.

(1) Draw all Feynman diagrams for the process under
consideration. For each Feynman diagram draw all of its
time-ordered diagrams. Only the time-order of interact-
ing vertices is relevant and indistinguishable time-orders
are counted only once. Each time-ordered diagram is com-
puted by putting together the following factors.

(2) Associate with each internal line (with a spatial mo-
mentum k) a phase space integral [ dp.

(3) Associate with each vertex v, which is formed by in-
ternal lines j and external ones e of incoming spatial mo-
menta q, and which has the interaction pattern in the La-
grangian —gyy * Yy x ---1,, an interaction factor
gexp[—i(qir; @2res -5 dnry )]s Aa = +(—) if the vertex
v is the later (earlier) end of the line a. The initial (fi-
nal) particles e are always counted as earlier (later) than
the vertex v. Symmetrize the above factor with respect to
identical fields. Impose spatial momentum conservation at
the vertex v by multiplying (27)38% (3=, 4.)-

(4) Associate with each intermediate state occurring be-
tween two sequential vertices (earlier v1 and later vq) a fac-

=i
tor of energy deficit, [Ze(:lng) =2 B(kj) + ie} . Here

> (£p?) is the algebraic sum of the zeroth components
of external momenta entering (+) or leaving (—) the di-
agram before and including the earlier vertex vi. E(k;)
is the on-shell positive energy of the jth line contained in
this intermediate state.
(5) Multiply by a global factor of —2m6 (3°,(£p?)) and a
symmetry factor 1/S which excludes that of indistinguish-
able diagrams mentioned above.

The above prescriptions would be precisely the same
as obtained in ordinary field theory if we could interpret
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the vertex factor as a kind of numerator arising from spin.
In ordinary relativistic field theory we can recast the time-
ordered perturbation theory into a covariant form in terms
of Feynman diagrams. So, it is tempting to ask why this is
not possible in NC field theory. Of course, Lorentz invari-
ance is lost at the very beginning and it is not guaranteed
that a seemingly covariant formalism exists and is equiva-
lent to the time-ordered one if it does. But this is not the
whole point. As far as Feynman diagrams are concerned,
we can always treat 0, as if it were a Lorentz tensor and
there will be no problem if we do not use any special ref-
erence frame for the calculation since we could not return
back by a transformation afterwards [13]. We could also
consider 60, as some background field and assign to it a
transformation law so that the above consequence still ap-
plies. In the following we present an argument that in NC
field theory formulated via time-ordered perturbation the-
ory one cannot reproduce the seemingly covariant results
of the naive approach. Our time-ordered version seems
however to be a safe starting point as far as quantum me-
chanics still applies to NC spacetime. A key element of it
is the highly non-local character of NC interactions.

Let us first recall briefly how to shift from the covariant
perturbation theory to the time-ordered one in ordinary
field theory. For a detailed account of the topic we refer
the interested reader to [12] for a nice presentation. For
this purpose, we consider the contribution from a Feyn-
man diagram to a general, unamputated and connected
Green function in momentum space. One first expresses
the ¢ function of the zeroth components of momenta at
each vertex in terms of a time integral. Then, one rear-
ranges the product of time integrals thus obtained in a
time-ordered way. This is followed by integrating over the
zeroth momentum components, which is typically of the
following form:

o ie =0t f(kg)
/_Oodkok2 —m?+1ie
> ie ot f (ko)
= dko . —.
oo (ko — Eg +i€)(ko + Ex — ie)

Here t is the difference of the time variables introduced
above between the two vertices connected by the line car-
rying momentum £, in the same direction of t. f(ko) is
usually a polynomial of finite degree and analytic in the
complex ko plane. The above integral is evaluated using
contours. For ¢ > (<)0, one closes the contour in the lower
(upper) half plane picking up the residue at kg = Fj — ie
(ko = —Ej + ie), with the result

(43)

s

= [FOT T (B 4 () B (B

(44)

A crucial condition for the above manipulation is that
f (ko) must not blow up at the lower (upper) infinite semi-
cirle in the complex plane faster than e~ o decays. Fi-
nally, one completes the time integrals sequentially and
arrives at the result in the time-ordered perturbation the-
ory. Now let us try to do the opposite in NC theory from
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the time-ordered perturbation theory to the covariant one
by turning around the above procedure. In this case the
function f(£Fk) is an NC phase which is essentially an ex-
ponential (superposition) of the form exp(£iEgk’®), where
k0 = 0y;k"" with k' being a spatial momentum of some
other internal or external line. If the above procedure
were reversible, the corresponding function in the complex
ko plane would be something like exp(ikok’®) so that the
naive result might have a chance to be recovered. But this
is impossible because it is not guaranteed that it increases
slower than e %! decays. Actually whether it decays or
blows up depends on the sign of k° which itself changes
with k’. This thus interferes with the above contour inte-
gration. One may argue that we may shift ¢ to absorb k’°.
This is again not legitimate since ¢ is a time difference and
doing so simply spoils the time-ordering procedure which
is a key bridge to relate the two formalisms. Furthermore,
a connected diagram has certainly more than one line; the
above shift of ¢’s, if it worked at all for one of them, would
also interfere with each other making the trick totally use-
less. The above argument fails only if at tree level k' is an
external momentum and happens to vanish. But this is a
very special kinematic configuration if possible at all. We
surely cannot rely on this in favour of the naive approach.
From this analysis it is also clear that the main obstacle
originates from the non-local exponential interaction that
is intrinsic in NC field theory.

Finally we extend the above prescriptions to ampu-

tated and connected Green functions by adding the fol-
lowing rule concerning external lines for time-ordered di-
agrams. It should also be applied to each individual dia-
gram in which the connection of external lines to vertices
is fixed.
(6) Multiply by a factor of ny,(p.) for each external line
with incoming momentum p. and time direction parame-
ter A, which is +(—) if it connects to a(n) later (earlier)
vertex. This same A, also appears in the preceding vertex
factors (where it takes one of the signs for S-matrix). Sum
over the set {A.}.

4 Discussion and conclusion

Based on the assumption that a time-ordered expansion
of a formally unitary time evolution operator is a good
starting point also on NC spacetime, we studied pertur-
bative NC field theory which turns out to be the time-
ordered perturbation theory adapted properly to the NC
case. This was achieved by a detailed analysis of some
exemplifying Green functions which we worked out with
care, and then extended to the general case. We found
no obstacles in implementing non-commutativity in per-
turbation theory whether time commutes with space or
not. We provided prescriptions for computing S-matrix
elements and amputated Green functions.

Although we only treated scalar fields in this paper,
we expect no problems with spinor fields as is the case
on ordinary spacetime. Since the spinor effect amounts to
an additional numerator associated with a propagator, it
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plays a similar role as a vertex, namely, the momentum
contained therein will be on-shell with positive or nega-
tive energy. The situation is more complicated for gauge
bosons. But again as in the usual theory there should be
no problem at least in the 't Hooft—Feynman gauge. Our
method also applies to any dimensions.

The NC perturbation theory thus obtained is already
different at tree level from the naive approach followed
in the literature. The interaction vertices involve only on-
shell momenta of positive or negative energy of participat-
ing particles. The basic quantity connecting the vertices
is not the causal Feynman propagator but the individual
propagation functions of positive and negative frequency.
These elements are naturally incorporated in the frame-
work of the time-ordered perturbation theory. In contrast
to the ordinary field theory, it seems impossible to re-
cast the NC time-ordered theory into a covariant form as
has been assumed in the naive approach. We attributed
this difference to the highly non-local character of phase-
type NC interactions which has a significant impact on the
analyticity properties of Green functions in the complex
energy plane.

Since the whole picture for perturbation theory has
been changed, we expect some of the phenomena found
previously in the naive approach will also be altered.
Among them we would like to mention briefly the unitarity
issue which we will detail soon in a separate paper. Since
the NC phase now involves only on-shell momentum, it
is independent of the zeroth component of a generally off-
shell four-momentum. The analyticity properties of Green
functions in the complex plane of the zeroth component
will thus be very different from that in the naive approach.
Furthermore, the right-hand side of the unitarity relation
for Green functions is also modified due to the change of
vertices, which does not seem to have been noticed thus
far. Considering all of this it is quite reasonable to expect
that unitarity will be practically preserved as it is formally
built in the time-ordered perturbation theory. This may
give some hints for the interplay of string and field theory.
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As we were preparing the manuscript a new preprint [14] ap-
peared in which the ideas developed in [9] were further elabo-
rated on by some examples.
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