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In this paper, we discuss the solution for the sunrise integral around
two and four space-time dimensions in terms of a generalised elliptic version
of the multiple polylogarithms. In two space-time dimensions, we obtain
a sum of three elliptic dilogarithms. The arguments of the elliptic diloga-
rithms have a nice geometric interpretation. In four space-time dimensions,
the sunrise integral can be expressed with the €’- and e'-solution around
two dimensions, mass derivatives thereof and simpler terms.
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1. Introduction

The non-vacuum two-loop sunrise integral is the simplest integral in
quantum field theory which cannot be solved in terms of multiple polyloga-
rithms. Because of its fundamental character, the sunrise integral received
numerous attention in the past [1-16]. For the equal mass case, an analytic
result involving elliptic integrals and elliptic polylogarithms was provided in
[10, 16]. The results can be generalised to the arbitrary mass case [13-15],
which we will discuss in this paper.
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2. Differential equation for the sunrise integral
In D-dimensional Minkowski space, the two-loop sunrise integral reads
SV1V2V3 (Dap2a m%v m%v mg’ :u2)
_ ( Q)V—D/ del deQ ].
T i Gt Cemd)® (b k) emd)
(1)

with the three internal masses mq, mo, ms. In terms of Feynman parameters,
we obtain for the sunrise integral the expression
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with v = v; + 15 + v3, the momentum squared ¢t = p?, the differential
two-form w = x1 dxo A dxs — x9 dx1 A dxs 4+ x3 dri A dxe, the integration
region o = {[r1 : z2 : 3] € P}|z; > 0,i = 1,2,3} and the Feynman graph
polynomials &/ and F

g

2 2 2
U =z129 + 2273 + X377 , F = —xix9x3t + (:vlml + xoms + m3m3) U.

We are interested in the Laurent expansions of Si11(D,t) around two and
four space-time dimensions. These expansions start as

S111(2 — 2e,t) = 2% [sﬂ(z,t)+esﬁ>1(2,t)+o(e2)] :

1 - 1
Sii(4 - 26,1) = 27 [6255112) (4,1) + 258)1(47t) + S (4,1) + O(f)] :
(3)

In the following, we are mainly interested in determining S£2)1(2,t) and
0
St (4.0).
In D dimensions, the sunrise integral Sy;1(D,t) satisfies an inhomoge-
neous fourth-order differential equation [15]

4 i

d
ZB@

1=0

S111(D,t) = p? [e12Tha + c13Th3 + ca3Tos) (4)

where the P;’s and ¢;;’s are polynomials in D, t and the masses, and the
T;;’s are products of simpler tadpole integrals. This differential equation
can then be expanded for example around D = 2 — 2e.
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3. The sunrise integral around two space-time dimensions

In two space-time dimensions, the fourth-order differential equation for
the sunrise integral from Eq. (4) can be simplified to a second-order dif-
ferential equation with a polynomial p(t) depending on ¢, the masses and
logarithms of the masses [11]

0 0
L9 (2) S = wp(t). (5)
In D = 2, the integrand of Eq. (2) simplifies to % The equation F = 0,

together with the choice of an origin defines an elliptic curve. A convenient
choice for the origin is one of the intersection points of the algebraic variety
F = 0 and the integration region o, where we have three different points
Pr=[1:0:0,P,=1[0:1:0]and P3 =1[0:0:1]. Every chosen origin
P; corresponds to a certain elliptic curve E; with i = {1,2,3} which we can
transform into the Weierstrass normal form El .

In the next step, we compute the periods ¥, ¥, of the elliptic curve E;
which leads to complete elliptic integrals of the first kind
442 4425
2] \/EK (k), 12} /D
where the (complementary) modulus k() depends on the roots e; of the
Weierstrass normal form, while the polynomial D depends on t and the
masses. The periods ¥, ¥, are the homogeneous solutions of the second-
order differential equation.

After changing the variable from ¢ to the nome g = €2™7 (cf. [16]) which
is the natural variable on an elliptic curve with the period ratio 7 = g,—f,
we can write the special inhomogeneous solution in an overseeable form.
The aim is now to express this inhomogeneous solution in terms of the
homogeneous solutions and a new (elliptic) generalisation of the classical
polylogarithms. The two periods imply a lattice A which belongs to the
torus representation of the elliptic curve C/A to which we can transform by
the following elliptic integral

K (k) , (6)

1

1
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This function maps the image of the intersection point P; € Ej, on the curve

E), abbreviated by Q; i onto the point
1 F(ui, ]{2)

with the incomplete elliptic integral of the first kind F(z, x).

~

Qjr — 2 =
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As the last step, we can compute the Jacobi uniformizay@ion C* /%" of
the elliptic curve via the complex exponential 2 — w = 2™ mapping the

points Z; to
F (ui, k)
K (k)
It turns out that with the following definition of elliptic polylogarithms

ELinm (7395 9) = ZZJ i d

7=1k=1

(9)

Zi — w; = exp [m

C . .
Enm(z;y;q) = "jm [(3Lin(2) + ELingn(z;y;9))

st (i) 4 Bl (7 570))] (10)

(with ¢, =1, s, = 1 for n even and ¢, = ¢ and s, = —1 for n odd), the full

(0)

result for the sunrise integral S;77(2,t) in two space-time dimensions with
arbitrary masses can be expressed as a sum of three elliptic dilogarithms

3
Yi(q
S{N(2.t) = 175 ) > Eao(wi; 15 —q) (11)
i=1
with the numbers w; as arguments |14].

4. The sunrise integral around four space-time dimensions

The sunrise integral around four space-time dimensions can be expressed
in the basis |9]

0
{:U’ Slll(D t) Slll(D t) = _Sl+6i,1 14-05,2 1+5i,3(D7t)} (12)

a 2

with the help of Tarasov’s dimensional shift relations [17, 18]

SHICDE E&f”@) sﬁ%m, 1)+ ié%) SmEn+RO, (13)
where Z};(;k) (2) = gt S8 C’ =25 and R is a remainder depending

on t and simpler mass terms. The € —solutlon 551)1(2, t) involves apart from

the functions of Eq. (10), one new function Ep, noimy.ma:20(Z1, 23 Y1, Y25 q)
defined in [15]. This function can be viewed as a generalisation of multiple
polylogarithms of depth greater than one. If we define the weight of £,,.,,, by
w = n+m and the weight of Ey,, ns:m moi20 By W = n1+ng+mq+mao+20, it
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is worth noting that the O(e!)-part is not of uniform weight. The O(e!)-part
of the sunrise integral around two space-time dimensions contains terms of
weight three and four.

To understand this issue, one can consider the simpler equal mass case for
Sﬁ)l (2,t) where one is concerned with an inhomogeneous second-order differ-

ential equation for Sﬁ)l (2,t). With a suitable ansatz for 58)1(2, t) involving a

part proportional to S§(1))1(2, t) and a remainder, one obtains a much simpler
differential equation. Both parts of the ansatz contain log(—gq)-terms, which
cancel out in the end, but as a remainder from integrating the log(—q)-term
from the second part when solving the differential equation, we obtain the
weight four terms.
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