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A new method for calculating the covariant derivative expansions is presented, particularly in
Abelian gauge theories, which can be used to find derivative expansions around nonvanishing
gauge field-strength tensors. We apply this method to find the O((8:F,,)?) terms of electron

determinants in quantum electrodynamics.

Recently there has been much effort to find a systemat-
ic way to calculate the derivative expansions, which play
an important role in finding low-energy effective-field
theories.! ¢ In this expansion the highly nonlocal quanti-
ty, the effective action, can be written as an infinite sum of
local functions of basic fields and their derivatives. In this
paper we present a new method for calculating derivative
expansions, which is applicable to curved space-time. Al-
though our method can be generalized to higher loops, we
will limit our study to one-loop amplitudes.

For the one-loop effective action we use the heat-kernel
representation. A crucial point in our method is to repre-
sent the heat kernel by a flat normal-coordinate system
(FNCS).” In a FNCS differential operators on a vector
bundle are expressed by a normal coordinate X and fiber
frames obtained by the parallel transportation from a base
point x. In a FNCS a differential operator behaves like a
covariant function as for x and a differential operator in a
flat space-time as for X. In Ref. 7 we used a FNCS to cal-l

culate asymptotic expansions for the heat kernel of gen-
eral minimal operators. The algorithm developed in Ref.
7 can be easily generalized to derivative expansions.

In this paper we illustrate our method by calculating
derivative expansions of electron determinants in QED.
In Abelian gauge theories like QED, our method has
another advantage. We can expand the effective action
around nonvanishing field strength. The previous methods
could not handle this case. In our method we can expand
the effective Lagrangian in the form

Leogg=Lo(Fp) + 8, F 8, Foup LIV (F )+ - - (1

where the £;’s denote some local functions of the field-
strength tensor F,,, and the background gauge is as-
sumed. Lo was first calculated by Schwinger.® Our aim
is to calculate the next term .£;.

The one-loop effective action for the photon field is

.given by the electron determinant

iw ) =Indet(—iy,D* —m) =} Indet(—D?— % 6, ,F**+m?) , )

where D¥ =98* —jeA”, F*'=i[D* D], o*'= Lily*,v"]l, and m is the electron mass. We use the metric n*"=(1,
1,1, — 1) and our Dirac matrices satisfy {y“, y"} = —2n*". In the proper-time heat-kernel method w D can be written as

W =— ;_fc d—:Trexp[—r(—D2+m2—o~F/2)]

=—1 Tdr [ 4 —m? (= D2— -
3 j; . fd xtrie 7" (x |exp[—t(—D%*—0o-F/2)1|x)}, 3)
where tr denotes the trace over the Dirac indices and ¢ the proper-time cutoff.
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Now we briefly review a FNCS for general gauge
theories in flat space-time.” First, we choose a base point
x in space-time and express position variable y as y =X
+ x, where X can be regarded as a normal coordinate for
». Consider a differential operator of the form M (D,,¢),
where ¢ denotes an arbitrary tensor field. Let us define

D,(X) and ¢(X) such that
D,(X)=T(x,y)D,()T(y,x), @
4
oX)=T(x,y)o(T(,x),

where T(y,x) is a parallel-transportation matrix from x
to y satisfying

X DW)TW,x)=0=T(y,x)X-D(y)
and 7'(x,x) =1. For most cases we can write
MD,(»),0()) =T, x)MT(x,y),
where M =M (D,,$). This implies
yle ™|x)=T(,x)X|e ™|0), ©
5

(x|e ™| x)=(0|e~M|0).

The next step is to expand D* and ¢ in terms of X. It is
easy to find

—1

Dr=§r -3 i
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where §* =08/8X,, Xa - a,=Xa, ' Xq, and the semi-
colons denote covariant differentiations. Therefore, the
expansion of M has the general form

M= a4 op- px)X"  "§h P @)

where Qg,...q,=84, "9, and ag, ...q.p ---p,(x) is a
gauge-covariant tensor field. This representation of M is
useful to evaluate the heat kernel and the derivative ex-
pansions.

Now we return to QED. From Eq. (5) we can write

(x|expl—t(—=D2?>—0o-F/2)]|x)
=(0|expl—t(—D%*—0o-F/2)1|0). (8)

First, we should expand —D?—0-F/2 in the form of (7).
Using Eq. (6), we find

—D’~0cF2=—(D*+ o F+te+e+---), )
where
€1 =—iFap (3 X"DP+ 5 X0+ 1 ic®’X7)
€2= = 7 iFapys(X D+ X% +icPX7?)
—_ ;—Fa“;,;F,";,sX“Ma ,

apcay -

pr Xoy - 0, F*" , with D, =08,— 7iX"F,, Since we are interested in the

6) expansion around nontrivial F,,, in Eq. (9), e=— (¢

=3 ——l—X g +e¢,+ - -+ ) is regarded as a perturbation and we evaluate
pt e an ’ Eq. (8) by expanding with ¢. For this purpose we will use

]
T T T
e —rHte) = [l _J; d‘tlf(’t|)+j; d‘t‘zj; Zdl']é(T])E(Tz)"‘ st }e _TH, (10)
where e(t) =e “"Hee™. In our case H=— (D*+o- F/2) and we can find

D(r) =(e¥* D), X (z)=[(1—e?F)F'D]*+x°,

o F/2

o, (1) =e oue " F2,

where F means F,, as a matrix.

an

Fortunately an analytic expression for (X | exp(— tH) | 0) is known in the Abelian case:?

_ - i
(X|exp(—tH)|0O) @

Equations (10) and (12) can be combined to yield
i

o . _
(O|expl—t(H+e)1|0) i

————expl— rtrin(zF) ~'sin(eF)]expl— 5 X- F- cot(zF)- Xlexp( 7 0 F) . 12)
T

expl— % trln(zF) ~'sin(zF)]

X [[1+j;1d1162(11)+J;rdrzj;rzdr]61(r,)el(‘rg)+ e ]ef(X)]X_Oe“"F/Z, (13)

where f(X) = — + X F-cot(tF)- X. To evaluate the various quantities in Eq. (13) at X=0, we use the formulas

sin(z;F) sinl(z;—1)F]
F sin(zF) ’
Siﬂ(T]F)
sin(zF) °’
sin[(z3 — 1) F]
sin(zF)

L(11,1) =D (1)) D(1)e’® | xmo=— L expli Q7; —21,+ 1) F] L .
sin(zF)

I(r1, 1) =X (1)) X (12)e/ X | y=g = —2expli(z, — 12) F]
J(11,1) =X (1) D (1)’ X | y=o=—expli(z; — 272+ 1) F] (14)

K(z,1)=D(1)) X (13)e/® | x=o = —expli (27, — 72) F]

[}
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From Egs. (9) and (14) we obtain

€220/ D) | xmg= = } iFupiys QT TP+ TP+ 1P+ 018) = § FoupF o 911

e1(r)€e1(1)e/ X | xmo= = FupyFuva {3 ST (KR8TY + 1 LIS )+ TPIT5T5 + I 2T 1514
F IS TPTY + IBLE) + TSI 15K B + TSI 3K )

+ 2 WK+ 28 + 2 BQIBTY + 315
+ Lict UK+ 209 5) + L iotPQITS IS + T 1515)
+ S npMIth — Lot I+ LicnMITs + tin"eb IR, 1s)

where the dotted indices must be symmetrized, o{f =c%(1), 62=0%(1y), I,=1(z1,7)), I,=I(13,73), [12=1I(7,73),
and so on.

Next we must integrate Eq. (15) with respect to 7, and 7. In weak-field cases where F,,/m?==0, these integrations
are simple and the result agrees with the previous one.® For general cases it is necessary to investigate some properties of
the field-strength  tensor f” 8 F,, regarded as a matrix, satisfies F*+2FF?—¢?=0, where ¥

FFVF"" (B2—E?)/2, F,*F*'=E-B, and *F*'=— § e“""’Fx The eigenvalues of F are f; = +i(X+X*),
f2 $i(X—X%*), and their negatwe values, where X—[2(7+19)] 12 Note that *+.X and =+ X* are nothing but the
four elgenvalues of o+ F/2. In integrating Eq. (15), we need

fi—F?

exp(itF) = sin(zf2)
St

S2

A similar equation holds for sin(zF). Inserting these results into Eq. (14), we are able to integrate Eq. (15). On the oth-
er hand, as shown in Eq. (3), we should evaluate the trace of several quantities over Dirac indices. In our case, we need

lcos(rfz)+ F}+(f1<—>f2). (16)

1—2

x*2— 2
X*Z_XZ
where @ =o* F/2. Note that 02=2(F+iys9) with ys=iy'y2y3y*

Using Eqgs. (3) and (13)-(17), it is straightforward to calculate .Ly and .£; in Eq. (1). As for the integrations over 7,
and 1, in Eq. (13), we can find these in closed forms and, after evaluating the trace, the results have the tensor structure

sinh(7.X) Q

exp(¥ 10 F)= cosh(zX) + +(X—X*), amn

tr(x |expl — t1(—D?—0o-F/2)] |x>=%cot(rf1)cot(‘rfz)
T
x[1+ (FF,FIF,F*Y{* + FFF,FIF,YY*+ FXF,*F FHY{)*+ ---1,  (18)

where we have discarded total dlvergence terms, F is the matrix form of the tensor F, . and - --) denotes the trace
over the Lorentz indices. In Eq. (18), Y¥* and Y} (i,j,k =0,1,2,3) are some functions of 7, 9, and 7, and summation
over i, j, and k is assumed. To reduce each term into this form, we used the Bianchi identity and the relation
F4+257F2—-92=0. Since the effective action is invariant under F,,— —F,,, Y| and Y vanish when i +j+k is odd,
and Y3 also vanishes for odd i +j. In this paper we do not pursue the complete calculations, which will be considered
elsewhere.

Instead we specialize to the simpler cases: F(x) =¢(x)F and ¢ =0, where F is a constant tensor and ¢ a scalar field.
When & =0, one of f| and f> is zero. Let f,=0 and f|, =f. Note that f2 =—2% and F? =f2F. In these cases our calcu-
lations are relatively simple, but still need some tools which can do symbolic calculations. We used REDUCE and found,
for the higher-derivative part,

1t tY4+3Y3—41y?2—3Y+31
(47) 22 Y?

Wi =L [atx072@049) 0,0 f, Lo~ : (19)
where t = —itf and Y =tanh(¢).

Now we study the consequences of the Bianchi identiy. In our cases, we may write, without loss of generality, the
field-strength tensors as

E=E0¢§, B=By¢zZ, (20)
where E¢ and By denote constants. Solving the Bianchi identity V- B=0 and VXE = — §,B, we find
9.0=0 and Eo0.¢=—Bo0,¢. Q@n

Equation (19) holds for any field satisfying Eq. (21). Note that f2=(E$ —B$)¢2>=E?— B2 Equation (21) has the two
interesting solutions: (i) B=B(x,y)Z, E=0, and (ii) E=E (x,1)§, B=0.
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Now we consider the effective Lagrangian for the case (i). A general case is obtained by replacing B with —if. From

Eq. (19) we find

Y ¢

oo 4 3 __ 2 2
L,g'g=;—f0 %(e’""’—e-"\’) ‘ [_i_l_i_l_rtY +3Y2—4:/Y2—3Y+3: (9B)

BZ

$ In(m¥/A*)+ L B24,(|B/m?|)+

Y4 BZ + .- s

: (4r)? 2;28M88”3A2(|3/m2|)+ e, 22)

where we converted the proper-time cutoff into a Pauli-Villars regulator mass, and

1 “dr i 4 . 4_4
== — —_+._—-_
4B (4rn)? Jo 2 ¢ Yy 73
1 1 (~dt _ tY*+3Y3—41v2—3Y+ 3¢
Ay(b) = — ) et .
2(5) @n2bJo 1 ° Y*

Note that 4,(b) and A,(b) are positive quantities. Here we use on-shell renormalization. A one-loop counterterm in
this renormalization scheme and regularization method is known as '

1 B? 4
= — 2 an? -3—1n(m 2/A2) .

Therefore the renormalized effective Lagrangian density becomes

Lren-_;—Bz[ﬁ_Al(lB/mzl)"'"']+2,1126;436”8[142('3/”12‘)"'"‘]+“'. (23)
For the weak field (b— 0):

=l 4o _sp2y ... =1 4 22y ... 4

A,(®) (4”)2451:(1 Tb?+ 1), Ayb) @)’ s A—3b ). (24)

For the strong field (b— 0):

1
(4r)?

In(®)+01), A4,05)=

Al(b)"—:-

From Eq. (25) we can see that the higher-derivative
corrections are suppressed at the strong-field limit.
Indeed for large b, A5(b) = Cb ! for some constant C.
Our result given in Eq. (23) is the generalization of the
effective Lagrangian for constant electromagnetic fields
first obtained by Schwinger.® In non-Abelian cases it is
difficult to evaluate the similar quantities except for the
field configurations restricted to the Abelian sector. Our

o 4 3 2
11 ﬂ[tY+3Y 4y 3Y+3t]+0[_1_].

(an)? bJo 1

25)

Y* b?

[

derivative expansions will be useful to study effective ac-
tions for field configurations which are slowly varying in
space-time around nonvanishing background fields.
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