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Reminder

« IBP identities 0 = [d9h ...d9l, ), - q; TIN_, D5 ™
« heuristic solutions, Laporta algorithm, finite fields, syzygies,. ..

» Résumé: Variety of approaches to IBP reduction but we still
want more.

IBP reduction leads to a finite set of master integrals
J=(1(m),. .., jk(m))T.
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Reminder

« IBP identities 0 = [d9h ...d9l, ), - q; TIN_, D5 ™
« heuristic solutions, Laporta algorithm, finite fields, syzygies,. ..
» Résumé: Variety of approaches to IBP reduction but we still
want more.

IBP reduction leads to a finite set of master integrals
J=(a(m),....jk(n))".
« Differential equations 52— (n) = 3 [G71] ., pi - Opj (n).
A(p1-p2) i2 7t 2P
Using IBP reduction, one obtains the differential system for
master integrals:

&J(X,E) - M(X76)j(X,€)

» We need a few first coefficients j,(x) in j(x,e) = > €"j,(x).
n=ng
* j(x) is often a combination of multiple polylogarithms (but
not always).
« The problem greatly simplifies [Henn'13] if masters J(x, €) are
chosen such that
OxJd(x,€) = eS(x)J(x,¢€)


http://arxiv.org/abs/arXiv:1304.1806

How to find this e-form

« Using some properties of the multiloop integrals (see Henn's
lectures).

» Using the differential system alone.



How to find this e-form

« Using some properties of the multiloop integrals (see Henn's
lectures).

» Using the differential system alone.<=This is the approach
that | will advocate.



Reduction to e-form

Given a differential system
Orj(x, €) = M(x, €)j(x.¢)

find the variable change
x = f(y)

and the function change

j(Xve) - T(y7€)J(Y7€)ﬂ

where f and entries of T are rational functions of vy,
such that

9y d(y;€) = eS(y)d(y,€), (e-form)

or prove that (f, T) does not exist.!

We will also require that S(y) has only simple poles and decays at co.



Algorithm [RL'15, RL& Pomeransky'17]

Initial matrix can have multiple poles and/or polynomial part.
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Algorithm [RL'15, RL& Pomeransky'17]

Initial matrix can have multiple poles and/or polynomial part.

» Reduce the system to Fuchsian form.

Result
Od =3, M9 4

I xX—aj
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Algorithm [RL'15, RL& Pomeransky'17]

Initial matrix can have multiple poles and/or polynomial part.

» Reduce the system to Fuchsian form.

Result

lxa

» Normalize residues

+ Find proper variable x = f(y), f(y) is a rational function.
« (Ir)reducibility criterion: check if the system can be reduced.

Result

d=3; = Z)J all evs of allS; are o e.
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Algorithm [RL'15, RL& Pomeransky'17]

Initial matrix can have multiple poles and/or polynomial part.

» Reduce the system to Fuchsian form.

Result

lxa

» Normalize residues

« Find proper variable x = f(y), f(y) is a rational function.
« (Ir)reducibility criterion: check if the system can be reduced.

Result

d=3; 6)J all evs of allS; are o e.
Iy aj

» Factor out e-dependence

Result
OyJ =€) ;

Iya


https://arxiv.org/abs/1707.07856

Irreducible cases

Had we been able to always find the e-form, the problem of the
evaluation of the multiloop integrals, essentially, would be solved
(with some reservations of course).

However there are some nasty examples where the e-form can not
be achieved.
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Irreducible cases

Had we been able to always find the e-form, the problem of the
evaluation of the multiloop integrals, essentially, would be solved
(with some reservations of course).

However there are some nasty examples where the e-form can not
be achieved.

Have tried hard enough?

Strict criterion of irreducibility is very welcome. This criterion was
derived in [RL& Pomeransky (arXiv:1707.07856)].
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Criterion of (ir)reducibility|RL& Pomeransky'17]

The (ir)reducibility criterion is based on a simple but improtant

Proposition
Suppose the matrix M(x, e) is normalized Fuchsian at x = a, i.e.,
M(x,€) = 10 +0 ((X — a)0> , all evs of S(e€) are o e.

X —a

Then, the transformation T (x) preserves fuchsianity and
normalization < T is regular at x = a, i.e.
T(x,€) *=5 T(a,€) < oo and det T(a,€) # 0.

In particular
» If M is normalized in all points, T is independent of x.

« If M is normalized in all points but x = 0, T(x) and T 1(x)

are both polynomial in x71.

« If M is normalized in all points but x =0 and x = oo, T(x)
and T—%(x) are both Laurent polynomial in x.
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» Pick two arbitrary singular points x; and xo and map them

onto 0 and co with Moebius transformation of variable:
X1t+x2y

X = Tty °
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» Pick two arbitrary singular points x; and xo and map them

onto 0 and co with Moebius transformation of variable:
X1txoy
1+y

* Reduce (twice) the system to normalized Fuchsian form
everywhere except one of the points. Let To(y) and To(y)
be the corresponding transformations.

X =
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» Pick two arbitrary singular points x; and xo and map them

onto 0 and co with Moebius transformation of variable:
X1txoy
1+y

* Reduce (twice) the system to normalized Fuchsian form
everywhere except one of the points. Let To(y) and To(y)
be the corresponding transformations.

X =

« Let U= TL'Ty. Then, necessarily, either the system is not
reducible, or U decomposes as

U=Qu(»)Q*(y?),

where Q~ and Qg are polynomial in their arguments, together
with their inverse matrices.
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» Pick two arbitrary singular points x; and xo and map them

onto 0 and co with Moebius transformation of variable:
X1txoy
1+y

* Reduce (twice) the system to normalized Fuchsian form
everywhere except one of the points. Let To(y) and To(y)
be the corresponding transformations.

X =

« Let U= TL'Ty. Then, necessarily, either the system is not
reducible, or U decomposes as

U=Qu(»)Q*(y?),

where Q~ and Qg are polynomial in their arguments, together
with their inverse matrices.

» Finding such a decomposition is a variant of the
Riemann-Hilbert problem and can be done via simple
algorithm (see [ arXiv:1707.07856]| for details).
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» If the decomposition exists, the normalized form is achieved
by the transformation

TooQoo = TOQO-

10
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» If the decomposition exists, the normalized form is achieved
by the transformation

TooQoo = TOQO-

» If the decomposition does not exist, e-form can not be found
not only by the transformation rational in y, but by any
transformation rational in z, related to y as y = g(z) (g is a
rational function).

10
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Criterion of (ir)reducibility|RL& Pomeransky'17]

» If the decomposition exists, the normalized form is achieved
by the transformation

Tooro = TOQO-

» If the decomposition does not exist, e-form can not be found
not only by the transformation rational in y, but by any
transformation rational in z, related to y as y = g(z) (g is a
rational function).

« If the third step, factorization, fails, the e-form does not
exists. By “fails” we mean that there is no inversible matrix T
among the solutions of (overdetermined) linear system

T(e, 1)(Si(p) /1) = (Si€)/€) T (e, 1) -

10
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Multiscale integrals

Let us remark about the application of the reduction algorithm in
multiscale setup. We have now several differential systems

8,‘.’ = M,‘(X, E)J
suppose we have managed to reduce the first system to e-form:
81.] = 651(X)_/

What transformations T can we use for the remaining systems?

11



Multiscale integrals

Let us remark about the application of the reduction algorithm in
multiscale setup. We have now several differential systems

(9,‘./ = M,‘(X, E)J
suppose we have managed to reduce the first system to e-form:
(91.] = 651(X)_/

What transformations T can we use for the remaining systems?

» thanks to the formulated proposition, T can not depend on xj.

» e-dependence is likely to be factorized into a common factor.
So, T =f(x2,...,%n,€) T(x2,...%n).
This allows one to use one-by-one approach: when passing to the
next differential system consider only the transformations
independent of all previous variables and depending on € only via
common factor.

11



Irreducible cases

If the differential system is reduced to e-form, the general solution
is readily expressed via multiple polylogarithmic function which
have convenient representations (iterative integrals, iterative
sums), well-understood analytical properties and can be effectively
evaluated with arbitrary precision.

12



Irreducible cases

If the differential system is reduced to e-form, the general solution
is readily expressed via multiple polylogarithmic function which
have convenient representations (iterative integrals, iterative
sums), well-understood analytical properties and can be effectively
evaluated with arbitrary precision.

However there are some bad guys:

* (L > 1)-loop massive sunrises: @

» Two-loop nonplanar vertex with massive loop X"

» Some other topologies.
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Irreducible cases

If the differential system is reduced to e-form, the general solution
is readily expressed via multiple polylogarithmic function which
have convenient representations (iterative integrals, iterative
sums), well-understood analytical properties and can be effectively
evaluated with arbitrary precision.

However there are some bad guys:

* (L > 1)-loop massive sunrises: @

» Two-loop nonplanar vertex with massive loop X‘:

» Some other topologies.

What is the appropriate class of functions for irreducible DEs?

What counts: known analytic properties, “minimality” of the set,
possibility to calculate efficiently with arbitrary precision.

12



Irreducible cases

Iterated elliptic and modular integrals

For some cases the question raised has an answer (or variants of
answers): the e-expansion can be expressed via iterated integrals
over modular forms or via elliptic polylogs (\Weinzierl, Bogner,
Adams, Tancredi, Primo, Broedel, Duhr,...). Mostly these findings
are applied to 2-loop massive sunrise.

However, it looks fair to say that no general prescription of how
to deal with irreducible cases exists.

13



Irreducible cases

Iterated elliptic and modular integrals

For some cases the question raised has an answer (or variants of
answers): the e-expansion can be expressed via iterated integrals
over modular forms or via elliptic polylogs (\Weinzierl, Bogner,
Adams, Tancredi, Primo, Broedel, Duhr,...). Mostly these findings
are applied to 2-loop massive sunrise.

However, it looks fair to say that no general prescription of how
to deal with irreducible cases exists.

My goal here

“Minimality” of the set of the functions, in particular, means the
absence of the undiscovered algebraic relations. The result of the
present work is the discovery of a large set of the quadratic
identities for the terms of the e expansion of the homogeneous
solutions.

13



Symmetric e- and (e + 1/2)- forms

Note that if e-form of the differential system exists near d = 4, it
necesarily exists near any even d, and vice versa.

In contrast, near odd d the e-form can or can not exist
independently.

14



Symmetric e- and (e + 1/2)- forms

Note that if e-form of the differential system exists near d = 4, it
necesarily exists near any even d, and vice versa.

In contrast, near odd d the e-form can or can not exist
independently.

Observation 1

For many known irreducible cases (i.e., when e-form does not exist
near even d), there exists e-form near odd d. To preserve the
meaning of € as twice a deviation from d = 4, we will call the
latter the (e + 1/2)-form.
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Symmetric e- and (e + 1/2)- forms

Note that if e-form of the differential system exists near d = 4, it
necesarily exists near any even d, and vice versa.

In contrast, near odd d the e-form can or can not exist
independently.

Observation 1

For many known irreducible cases (i.e., when e-form does not exist
near even d), there exists e-form near odd d. To preserve the
meaning of € as twice a deviation from d = 4, we will call the
latter the (e + 1/2)-form.

Observation 2

The matrix S in the e- or (¢ 4+ 1/2)-forms can be chosen symmetric.

14



Symmetric e- and (e + 1/2)- forms
Both properties can be checked for each specific topology by
already available methods.
« Existence of (e + 1/2)-form can be established by the
algorithm of Refs. [RL'15, RL& Pomeransky'17]

15
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Symmetric e- and (e + 1/2)- forms
Both properties can be checked for each specific topology by
already available methods.

« Existence of (e + 1/2)-form can be established by the
algorithm of Refs. [RL'15, RL& Pomeransky'17]

* When e- or (e + 1/2)-form is achieved,

0d =uS(x)d, (n=-e€ore+1/2),

one can search for constant transformation L which results in
symmetric S = L=1SL. Since we want ST = S, we have

L71SL = (TsT T

Multiplying by L x e x LT, we obtain a system of linear

equations
SIL=LST

for the elements of the symmetric matrix £ = LLT. When L is
found, L can be obtain using Cholesky-type decomposition.

15
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Symmetric e- and (e + 1/2)- forms

Both properties appear to hold in many available examples. In
particular, for all examples reducible to e-form that | have checked
so far, the symmetric e-form exists. For irreducible cases | have
checked the existence of the symmetric (¢ + 1/2) for

« (L=2,3,4,...)-loop equal-mass sunrises @_

» Two-loop nonplanar vertex X_

Found only one exception: 3-loop forward box from

[Mistlberger (arXiv:1802.00833)]

16


https://arxiv.org/abs/1802.00833

Quadratic constraints for e-form |
Suppose first that we have achieved symmetric e-form:
0J=¢eSJ, ST=S.

As we are interested in the constraints for general solution of this
equation, it is convenient to pass to fundamental matrix F,
satisfying the same equation

OF = eSF .

What algebraic constraints can we obtain for the e-expansion of F7?
Let us write the general solution as path-ordered exponent:

F(x, xo,€) = Pexp[e/de(x)]

17



Quadratic constraints for e-form Il
Now note that

e sl = = | Boa] / 45 G| = Fiee e €)@

Therefore, we have a constraint
FT(x,x0, —€)F(x,x0,€) = 1.

Note that the e-expansion of FT(x, xp, —¢) is the same, up to an
alternating sign, as that of FT(x, xp, €), so we have constraints for
each order in €. Expressing F(x, xp, €) via generalized polylogs, we
obtain constraints for the latter.

It is quite expected that these constraints should not give any
unknown relations between the polylogarithmic functions. And
indeed, for several examples e have checked these constraints
follow from known shuffling algebra.

18



Quadratic constraints for (e + 3)-form |
But for irreducible cases similar constraints would

be very meaningful!
Suppose that we have managed to reduce e-irreducible case to

symmetric (e + 3)-form:
OF = (e+ 3)SF.

Let us try to follow the same path as before. Writing the general
solution as path-ordered exponent:

F(x,x0,€) = Pexp[(e + 1) / dxS(x)], ST=S5,
X0

we obtain for the inverse matrix

[F(x,x0,€)] ! = [Pexp[—(e—i— %)/de (x)]] = FT(x, xp, —¢€

)

19



Quadratic constraints for (¢ + 3)-form |I

So we have

FT(X>X07_6 )F(X7X0a6) =

Problem
In contrast to the e-reducible case the e-expansion of
FT(x,xp,—€ ) is not directly expressed via that of F(x, xp, €) due

to shift in the argument.

20



Quadratic constraints for (¢ + 1)-form IlI
Solution

Fortunately, we have dimension shifting relations | Tarasov'96]:
J(x;€ = 1) = R(x;, €)J(e)
which, for F, translates to
F(x,x0, €~ 1) = R(x, €)F(x, x0, )R (x0, €) (*)

The matrix R(x, €) is rational in x and ¢ and can be routinely
found via IBP reduction.

Using (*), we obtain
FT(x, x0, —€)RT(x, —€)F(x, 30, €) = R™(x0, —€)
FT(x, x0, —€)R(x, €)F(x, %0, €) = R(x0,€)

The two above constraints seem to be the same since for all cases

we have checked we observed that RT(x, —¢) oc R(x, €).
21
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Quadratic constraints for (e + %)—form, summary |

Let us summarize what we have obtained.

Complex object

For each case reducible to symmetric (e + 3)-form (including, in
particular, cases irreducible to e-form) we have the formal solution

F(x, x0,€) = Pexp[(e + %) / dxS(x)],

X0

whose e-expansion is no more simple and includes
non-polylogarithmic functions. For a few known cases those appear
to be iterated integrals over modular forms or elliptic functions.

22



Quadratic constraints for (e + %)—form, summary |l

Simple constraints

Nevertheless, we have a simple way to obtain quadratic constraints
FT(Xv X0, 76)R(X7 6)F(X’ X0, E) = R(X07 6)

for any order in € with coefficients being rational functions which
can be determined using standard procedures.

The constraints can be written directly for any two solutions J;
and J (including the case J; = J5) as

J1(x, —€)R(x, €)J2(x, €) = const(e)

The constraints for multivariate setup have literally the same form.

23



Example I: 2-loop sunrise for d = 2 — 2¢ |

S

The homogeneous differential system has the form

_ 2efl _3
as.i(sv 6) = l . (5*3)(26i1)(36+1) . 525+52+1(5Jse—27e—9 ] j(S, 6) )
(s—9)(s—1)s (s—9)(s—1)s

This system can not be reduced to e-form but can be reduced to
(e + 1/2)-form. We pass to the variable x = /s and apply the
algorithm of [RL'14]. Then we search for the constant matrix L to

24



Example I: 2-loop sunrise for d = 2 — 2¢ |l

obtain the symmetric (e + %)-form. This gives us the following
transformation

J(x?,€) = T(x,e)d(x,e),

4T (e + %) FBe+1) /4 /
Thoe) = — ey (0 el ) ’

where J(x, €) are the new functions. The overall factor
(et
% in the definition of T(x,¢) is not important for the

form of the resulting differential system, but simplifies the matrix
R(x, €) entering the dimensional recurrence system. The

differential system and dimensional recurrence relations have the
forms

[S

Oxd(x,€) = S(x)J(x,€),
J(x,e — 1) = R(x,€)J(x,¢€),

25



Example I: 2-loop sunrise for d = 2 — 2¢ |ll

where
4X(X277) 4\/§(X273)
_ T (x2—9)(x2—1 x2—9)(x2—1
S=1| apers)”  Gpereas)
L (x2=9)(x2-1) _x(x2—9)(x2—1)
i (X4 _ 30x2 +45) c _ﬁ(xQ—Q)(xz—l)—&-Z(x“—Q)e
R(x,€) = x2—0)(x2—1)—2(x*— 3(5x4—30x24+9)e )
| /aES) 20} (53049

Note that R(x,¢) is a linear function of ¢ with the property

R(x,e) = —RT(x, —¢). The e-expansion of the (cut) sunrise
integral is known in terms of the iterated integrals over modular
forms. The first two terms are expressed via complete elliptic
integrals K and E.

We have checked that the quadratic constraints for two first orders
in € lead to the Legendre relation for the elliptic integrals:

KE+EK—KK:g

26



Example I: 2-loop sunrise for d =2 — 2¢ IV

Remarkably, in Ref. [Tarasov'06] the sunrise has been calculated
exactly in d in terms of the hypergeometric function. In particular,
the two solutions of the homogeneous system have been found:

s €
.(1) — (_(5_1)2) E (1 21_ . ) 2
1 '(s5¢€) " s+3 21 33 S (2)
Os, = 0= ¢ (1 etk )
Ji7(s,€) = .13 2hlzgetly), ©)

where
_27(s —1)?
 (s+3)3

So we can see how the exact constraints look like. The
combinations J)T(x, —e)R(x, €)J®)(x, €) for various a and b are

27
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Example I: 2-loop sunrise for d =2 — 2¢ V

independent of x (here J) = T-1j(3) 3= 1,2). The constants
can be easily fixed by taking the limit x — 0. We have

JOT(—e)R(e)ID () = —IPT(—€)R(e)J P (€) = Lesin(3me) cot(re),
(€)JP(e) = JAT(—e)R(€)JV(e) = 0.

<
—
[y
~—
=
—~
\
m
~—
BY)

The two first constraints result in the following curious identity

2F1 (3,3 6;)/) 2F1 (%,%;6+1;Y>

Indeed, this identity is valid, which can be checked independently
by first differentiating it and then finding the constant, e.g., via
substitution y — 0.

28



Example Il: 3-loop sunrise for d = 2 — 2¢ |

The differential system and dimensional recurrence relations for the
new functions J(x, €) have the forms

Od(x,€) = (e +3) S(x)I(x,e),
J(x,e — 1) = R(x,€e)d(x,¢€),

29



Example Il: 3-loop sunrise for d = 2 — 2¢ |l

where
_ 5x*-8 26 _ /3x
e ) 2vaeiw)
_ _ /6 4x(x2—10 2v/2(5x2—32
S(x) = 5T(x) = x2\£1 THE10)(2—4) (x2-16)(x2—4)
V3x 2/2(5x%—32) (x2+8)(3x%-16)
T4 (14 x(2-16)(x*—4)

R(x,€) = Ro(x) + eRi(x) + € Ra(x)

30



Example Il: 3-loop sunrise for d = 2 — 2¢ Il

x (3x2 —32) A 5
1.2 (Xz _ 8) _ x*—28x°+128
4 26 43
3x2-32 x(5x2—16
Ro(x) = X( ) 1 ( 4 _ g2 ) _ ( )
e 3| x 28x° 4 64 7
4 _28x21128 X(5X2716) 1.2 2
x4 —28x
— v ~5 (3¢ - )
x(x2—64) (xke) 5(xts) (x2+8)
0 T vk T 23
Ru(x) = X (XZ —64) (XZ —6) . (x2 —16) (x4+42x2—64>
2v6 61/2x
5 (xz —8) (xZ +8) (x2 = 16) (x4 +42x2 —64)
2V/3 6v/2x v
Lo/ a ) x(x2—16> (x2+20) (x2—16) (x4—40x2—192>
—ex" (X" — 104x“ + 832 e — TV
2 2
Ra(x) = X(X 16) (X +20) 8 <X4 _56x2 4 64) X8 —76x* —256x2 11024
V6 3 3v/2x
2 4402
_ (X 16) (X 40x 192) x0—76x* —256x2+1024  _ x8 —8x643302x* —20480x2+16384
16V/3 3v/2x 48x2
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Example Il: 3-loop sunrise for d =2 — 2¢ IV
Only the €® term is known [Primo& Tancredil7]:

i) = KiKa, j2(s) = KiKs, j{*)(s) = KaKs,

we=34+2Vh—s+5V16—s,
K172 = K(wi), K3’4 = K(l — wi), E172 = E(wi), E374 = E(l — w:t) o

Already for this term the constraints are higly nontrivial:

3KyK3 — KKy = 0,

—6E,K; 4 2E1Kpy? — K1Ko(y — 3)(y +1) =0,
18E2K3 — 2E1Kyy? + KiKa(y — 3)(y + 1) =0,
—6E4K; + 6E3Koy? — KiKa(y — 1)(y +3) =0,
6E4K3 — 2E3Kyy? + K3Ka(y — 1)(y +3) =0,
4y? (3E3K, + E1Ky — K1Kg)? — 972 = 0.

32



Summary

» An infinite set of quadratic constraints for the e-expansion of
the solutions of the differential equations reducible to ¢- or
(¢ + 3)-form is discovered.
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Summary

» An infinite set of quadratic constraints for the e-expansion of
the solutions of the differential equations reducible to ¢- or
(¢ + 3)-form is discovered.

» While for the DEs reducible to e-form these constraints seem
to be always the consequences of the known relations for
polylogs (namely, the shuffling relations), for irreducible cases
their origin is yet to be understood.
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Summary

» An infinite set of quadratic constraints for the e-expansion of
the solutions of the differential equations reducible to ¢- or
(¢ + 3)-form is discovered.

» While for the DEs reducible to e-form these constraints seem
to be always the consequences of the known relations for
polylogs (namely, the shuffling relations), for irreducible cases
their origin is yet to be understood.

« | have explicitly checked using Frobenius approach (Vladimir's
talk today) that these identities also hold for the cases for
which no closed form expressions exist (e.g., four-loop
all-massive sunrise).
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Summary

» An infinite set of quadratic constraints for the e-expansion of
the solutions of the differential equations reducible to ¢- or
(¢ + 3)-form is discovered.

» While for the DEs reducible to e-form these constraints seem
to be always the consequences of the known relations for
polylogs (namely, the shuffling relations), for irreducible cases
their origin is yet to be understood.

« | have explicitly checked using Frobenius approach (Vladimir's
talk today) that these identities also hold for the cases for
which no closed form expressions exist (e.g., four-loop
all-massive sunrise).

» Stay tuned: we will probably have more to say about “elliptic”
cases (joint work with A. Pomeransky).
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