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1 Introduction

The prescription for computing tree-level open superstring scattering amplitudes in a man-
ifestly super-Poincaré covariant manner was given by Berkovits some time ago, in the same
paper in which the pure spinor superstring was introduced [1]. In this formalism, the un-
integrated vertex operators are in the ghost-number 1 cohomology of the BRST operator

1 X
= — ¢ dz A\, 1.1
@ 27rif{ “ (1.1)
and are functions of the ten-dimensional superspace coordinates z* and #% for y = 0 to
9 and & = 1 to 16. More information on notations and conventions can be found in
appendix A.

In (1.1), A% is a pure-spinor ghost variable, i.e. \* satisfies Ay, A = 0, and ds = ps —
% [8:5“(07#)@ + %(97“89)(0%)&], where pg is the conjugate momentum to #%. The OPE’s

. 50 o
pa(2) 0° (w) ~ . —aw and xH(z,2) x¥(w, w) ~ —577’“’ log |z — w|?
imply
da(2) F(z(w), 0(w)) ~ ——— DaF (x(w), 0(w)), (1.2)

where Dg = 8% + (09*)40,, and F(x,0) is any superfield. Hence, we write QF = \*D4.F.



In addition to knowing the vertex operators and OPE’s, one needs to know how to
perform the integrations of the A and 6 zero modes. They can be performed by means of
the following BRST-invariant measure factor:

{"0) (M 0)(X18) (Or) ) = 1. (1.3)

More precisely, the integration is done by keeping only the terms proportional to three \’s
and five #’s in this combination.

Thus far, we have written everything in an NV = 1, d = 10 notation. In order to
compute superstring scattering amplitudes in an N' = 4, d = 4 theory — such as the gauge
theory describing the effective world-volume degrees of freedom of a D3-brane, for instance
— using the pure-spinor formalism, one needs to know how to perform the integrations of
the A and 0 zero modes in that case. In other words, one needs to find a BRST-invariant
measure factor analogous to (1.3).

At first, it might seem to be just a matter of dimensional reduction. However, although
the particular combination of X’s and €’s of (1.3) is special in ten flat dimensions, since
it is the unique (up to an overall factor) SO(9,1) scalar which can be built out of three
N’s and five @’s, there is no reason why its dimensional reduction should be preferred
over any other BRST-invariant, SO(3,1)xSU(4) scalar in four dimensions. Therefore, it
is important to investigate whether there is any ambiguity in the definition of the N = 4,
d = 4 measure factor.

In this paper, this issue is studied in detail. In section 2, we write the most general
four-dimensional expression with three \’s and five 0’s and derive the conditions for it to
be BRST invariant. In section 3, we find the independent BRST-trivial combinations of
the terms introduced in section 2. In section 4, we present the main results of this paper.
We find that the N' = 4, d = 4 measure factor is unique up to BRST-trivial terms and
an overall factor. Moreover, we show that the measure can be written in a much simpler
form than the dimensional reduction of (1.3) — the latter has twelve terms, whereas the
former has only three. In section 5, we give two examples of the use of this measure factor.
Finally, section 6 is devoted to our conclusions.

2 BRST equations

In four-dimensional notation, the most general SO(3,1)xSU(4)-invariant, real expression
one can write with three A’s and five 0’s is

(A20°) := c1 emnie(Nide)(A™O™)(6767)(6%0°)

+ e2 (A A) (Aol (0°67)(6%0°) + 5 e (i) (AFO) (A07) (6767
+ s N dk) (N0 (0°0%)(0:0,) + c5 (i) (N00) (N0°)(0°67) (2.1)
+ cg Emngk< )()\]95)()\771971)(@5])
+ H.c.,
where c1,...,cs are arbitrary constants and “H.c.” means “Hermitian conjugate”. We

use the standard d=4 two-component spinor notation as described in appendix A.1. In



particular, ¢,7,... =1 to 4 and o, & =1 to 2. One can convince oneself these are the only
non-zero independent terms which can be constructed, keeping in mind that

. o 1 ..., - —
AYAY =0 and ()\Z/\J):§5”M()\k)\g), (2.2)

which are the dimensional reduction of Ay*\ = 0. More details on dimensional reduction
can be found in appendix A.2. The notation we are going to use throughout the paper is
such that

6
(N36°) =: Z e Tp +Hee, (2.3)
n=1

i.e. we define Ty,..., Tg to be the independent possible terms as appearing in (2.1). For
example, T3 = £,,,50(Aifk ) (AFOF) (A™0™)(0°67). The T, and their Hermitian conjugates T},
form a basis for four-dimensional expressions made of three A’s and five #’s. For example,
it is not difficult to show the dimensional reduction of (1.3) gives (2.1) with ¢; = 1,
co=cq4=4,c3 =3, c; =12 and ¢g = 2, up to an overall factor.

Since we are looking for the pure spinor measure, we are interested in expressions
which are annihilated by A*Dg4 = AP Doy + /_\dpD‘j‘p. This requirement yields equations for
the constants in (2.1). We begin with

[AdD&(A395)} s

. = )\apDap[ClTl] + S\O‘ldep[CQTQ + Cng] , (24)

where the subscript 6*6° means “contributions with four #’s and no 6.” The explicit
calculation gives:

AP Doy T1 = €pmje(Ait) [(Amv)(e)im)(ekef) (AT (0T M) (60"
+ (AO™)(0°09) (0% XY
= 4 (Nidk) (N M) (6°67)(6%0%) (2.5)
where we used (2.2) and AN\ = —1298(\I)T). Moreover,
AapDP Ty = (M) (Ae\i) (6767)(0%0°) (2.6)

and j\ddepTg = 0. Therefore

[/\dD@()\395):|9 =0 <= 9 =4c. (2.7)
Proceeding to the next order, we have
[A&D&(A?’GE’)} . = )\apDap[CQTQ -+ 63T3] + Xddep[C4T4 + c5Ts5 + CGTG] . (2.8)

The Ts-contribution is easy to compute. We get

AP Do Ta = —(AAk) (M) (N167)(0%0") . (2.9)



For T3, we obtain

APD T3 = —Emnje(NiOr) | (AFXO) (A7) (0767) — (A0°) (A A™)(0°67)

— (N0 (')
— 4 (A A) (Al (A0 (0707 (2.10)
The T4- and Ts-contributions are also simple to calculate:
AapDPTy = — (M) (N0 (0°0)(Ni6;), (2.11)
AapDPTs = —(Nifr) (N Ae) (AF6) (6767) 2.12)

Finally, j\ddepT(; = 0. In all, we get our second equation for the coefficients:

{)\dD@()\395)} =0 <=ct+4dcs=c1+cs5. (2.13)

6301

We now analyze the contributions with equal number of #’s and ’s:

[A&Dd(ﬁef))} s = A" DaglesTa + 5 Ts + egTe] + Aap D[4 Th + 65T + & T . (2.14)

Again, it is straightforward to compute the contributions from T4 and Ts:
APD Ty = —(AeAie) (MO (N'0%)(6:0;) (2.15)
AP DapTs = (M) (Aj0e) (N°X) (6°67) .
The Tg-contribution yields
AP Doy To = Emmen(0:0;) | (NXAF) (MO (A™O™) — (A7) (VA (A™0™)
+ (N (V) (A |
= 4 (A AR) (VO (V6°)(0:05) - (2.17)

These in turn imply, by Hermitian conjugation,

AapDOPTh = —(NAF)(A;00) (M) (0°67) , (2.18)

AapDPTL = (N'OM)(W0") (\eAe) (0:0) (2.19)

AapDPTL = 4 (XA (b)) (X0,) (6767 . (2.20)
Thus we obtain our last equation:

[AdDd(A%f’)ngQ =0 <= G5 = c4 + dcg, (2.21)

as well as its complex conjugate.

Note that the vanishing of the orders #'93 and 6°6* implies the complex conjugates
of (2.7) and (2.13), since they are just the Hermitian conjugates of the orders 636! and
646°, respectively.



In summary, we have the following system of equations:

) Cy = 401
M Ds(N0°) =0 <= { co+deg =catcs (2.22)
Cs = ¢4+ 4cg

as well as their complex conjugates.

3 BRST-trivial combinations

In the last section, we found the equations which the constants in (2.1) have to satisfy
for the expression to be BRST-invariant. Because there are less equations than constants,
one might think the A/ = 4, d = 4 pure spinor measure factor is then not unambiguously
defined. Fortunately, that is not the case, and the seemingly independent expressions are
actually related by BRST-trivial terms, as we show in the following.

In order to find the independent BRST-trivial combinations of the T,,, i.e. the combi-
nations which equal \*D, of something, we start by looking for all independent possible
terms with two \’s and six 6’s. Keeping (2.2) in mind, we find that there are five:

X1 = (N09)(650°) (M) (8:6;) , (3.1a)
X2 1= <€z‘jk£()\i9j)()\mak)(gz@n)(émén)a (3.1b)
X3 = €9 (Ni0;) A1) (0,0, (0™0™) (3.1c)
Xa 1= Emnje(Nilk) (N™O™)(6707) (60" (3.1d)
X5 = €™ NOR) (An0,) (0:0;)(0:0,) (3.1e)

Acting with A¥Dy4 = AP Doy + Xdpl_)é‘p on these terms, we obtain BRST-trivial ex-
pressions made of three A’s and five 6’s. We begin with the first one:

A Dopx1 = (N'67)(8°X°) (Arbe) (8:6)

_ % [le - TH : (3.2)
AapDPx1 = —(N'67)(6"0°)(Miby)(0: A7)
= [T - Ty, (3.3)

Thus we find the first BRST-trivial expression:

T} — T + T5 — T4 = \Ds [2x1] - (3.4)

Of course, we could multiply the expression on the left-hand side of this equation by
any constant and it would remain BRST-trivial. The same applies to the other boxed
expressions we find in the following.



For the second term in (3.1), we have

APDopXa = ijke(0mbn) [(mj)(xmek)(efen) — (A7) (AN AFY (00™)

+ (AW (A™OF)(NO™) — (ATT)(AN0F) (0 N™)

= 4T, — Tg, (3.5)
NapDPx2 = —eijke(N07)(A0F)(0°0™) (O )
=Ts. (3.6)
Therefore,
T34+ 4Ty — Tg = )\&DdXQ . (37)

Since the third term in (3.1) is equal to X;

T + 4T — Tf = \*Daxs. (3.8)

For the fourth term,
APDopxa = —Emmnje(NiOr) | (NN (0767)(0%0°) + (A™0™) (07N (676°)

— (O™ (0707)(AFOY) + (AO™)(0767) (0% XY

= 4T, — T5, (3.9)
AapDPXa = Emmje(NiAk) (N™O™) (0767 (0%0")
=T. (3.10)
Therefore,
T +4Ty — T3 = A\*Dgya. (3.11)

Finally, the last term in (3.1) is equal to XL o

T] +4T) — T, = AX*Days . (3.12)

4 The N =4, d = 4 measure factor in a simple form

We are now in position to show the N' =4, d = 4 measure factor is unique up to BRST-
trivial terms and an overall factor. Consider once again the most general real expression
with three A’s and five 0’s of (2.1). One has

()\395) =c1Ty + Ty +c3T3+ 4Ty +c5Ts5 + T+ H.c.. (41)

If this is BRST-invariant, then the constants satisfy the equations (2.22) and their complex
conjugates. We are free to add BRST-trivial terms to the above expression. If we add

1
—C1 [Tl + 4Ty — Tg] — 1(64 + 65) [T3 + 4Ty — TG} + H.c.



to (A36°), we get!
1
(N30°) = —c5Ty + c5T5 + 4 (cs + )T + Hee., (4.2)

where we used (2.22).
Furthermore, if c5 = a + i3, with o, 8 € R, then we can add the BRST-trivial term

_ip [T5 B R le]

to (A\36°), thus obtaining

()\305) = —« |:T4 —T5 — %TG + HC] . (43)

This shows that the measure is unique up to BRST-trivial terms and an overall factor.

The measure can be even further simplified, provided that we relax its manifest reality
condition. By adding the BRST-trivial terms

1
alTi -7+ 15 - TZ@ + 5o [Ts + 4T, — T, (4.4)

we arrive at

‘ 1
(¥6°) = Sa [Tg +4T5 + T}, (4.5)

or, more explicitly,

(emnge(ib) (K6 ™07 (0707) + 4 (N (0y8) (AF0°) (6107)

n gmnEk(j\iék)(j\jée)(j\mén)(ﬂiej)> _ ﬁ7 (4.6)

where we recovered the explicit form of each term and used the normalization of (1.3).

This simple N’ = 4, d = 4 pure spinor measure factor is the main result of this work.
Note that, while the dimensional reduction of (1.3) yields twelve independent terms, this
expression has only three. In the next section, we give two explicit examples of how to
obtain the dual to a vertex operator using this measure factor.

5 Examples
5.1 Gluino

Consider the following vertex operator from [2]:

‘7gluino - i()\’yﬂg)()ﬂyg)(a’mﬁ*), (51)

'Note the equal sign here means “equal up to BRST-trivial terms.”



where & is the zero-momentum gluino antifield.? It is easy to show this operator is
annihilated by (). The dimensional reduction yields

Vatuino = 2 (A Ae)(076°)(0°€7) + 3 (Xi6;)(670%) (™) — 2 (X;6:) (6°6%) (M€ ™)
— 6 (X)) (NOF)(0°F) — eire(N07)(A"0°)(075) + 4 (\;0:) (A*07) (07 5)
— 2 (X)) (N (677) + (A (0°07) (0kE™) — B eajre(N™0") (N 0°) (B
+ 250 N07) (0°6™) (A E™")
+ H.c.. (5.2)

We can simplify this expression by adding BRST-trivial terms. For example,

Q [eigre(NO7) (0"0) (0°€3) | = —4 (AA) (070°) (0°€3) — eigne (NO7) (A"60°)(6°6;)
= —4t; — t5, (5.3a)

where ty refers to the N-th term in Vgluino as appearing in (5.2), without the numerical
factor (e.g. t1 = (A\jA\i)(670°)(0%¢;)). So the combination 4t; + t5 is BRST-trivial. Of
course, this implies 4tJ{ + t; is also BRST-trivial.

One can also show

Q[NB)E)OE)] = —t1 — t1— 6. (5.3b)
Q [(0:8,)(NE") (0] = ta + th — o], (5.30)
Q [(é 9. )(Akel)(eﬂfgk)_ = tg+ty -+t + 6], (5.3d)
Q [2ige(NO7) (067 )(Bn€™)] = = 35— to — tao, (5.3¢)

as well as their Hermitian conjugates. Then we can add the BRST-trivial amount
— 261 — 3t + 2t3 — 9ty + t5 — 4tg + 2t7 — tg — 2tg — 2610 + H.c. (5.4)
to XN/gluino to obtain a BRST-equivalent vertex operator given by
Viuino = =15 () (N OF)(0765) — 524ne(A™0°)(\*6°) (0,8 ) + Hc.. (5.5)

Finally, multiplying by an overall factor and dropping the prime, we arrive at the sim-
plest form

Vatuino = 3 (Xifl)(M0°)(0°5) + eijie(A™07) (A*0°) (&™) + Hec.. (5.6)

Now we may look for the dual to this vertex operator, meaning the BRST-closed
expression with one A and two 6’s whose product with Vgiyine gives something proportional

2We choose to work at zero-momentum for the sake of simplicity, and also because only in this compu-
tation is the explicit form of the measure factor needed. Momentum corrections at higher f-orders can in
principle be obtained from the ten-dimensional expressions by carrying out the same steps as in this section
(dimensionally reducing, simplifying by adding BRST-trivial terms and then looking for the dual to the
vertex operator), but beyond zero-momentum one just has to impose that the terms with more than five
#’s in the amplitude cancel.



to the measure (4.6). The dual is certainly going to contain the gluino field ¢%, and
the substitution
5% — 05 (5.7)
can be used to determine it.
Comparing (5.6) with (4.6), we expect the dual to contain a term with ;5. It is easy
to see there is only one such term:

Vo = F1 €550 (N107) (0%€") (5.8)

where k1 is a constant to be determined. Then, using (5.7), we obtain

Vgluino V[l]

gluino

= K1 [3T3 + 3T5] . (59)

To obtain a term proportional to TT, we need a term with X\. There are not many, and
it is not difficult to show the following one works:

2

gluino

= K9 (;\1@)(9153) y (5.10)

for a constant ko2 to be determined shortly. Making use of (5.7) once again, we get

Vgluino V:g[ﬁ]lino = TR |:3T5 + TZS:| : (5'11)
Hence, if k1 = % and k9 = —1, we have
=~ =~ 1 2
Vgluino Vgluino = Vgluino(‘/g[hlino + va[h}ino) = T3 +4T5 + TI’, ’ (512)
which means the dual to XN/gluino is given by
1 . .
Vatuino = 58i3ke(A'07)(0°¢") — (0f;) (0'¢) (5.13)

One can show this expression is BRST-invariant, as it should be.

5.2 Gluon

We now derive, for the gluon, expressions analogous to those obtained for the gluino in the
previous subsection. The vertex operator for the zero-momentum gluon antifiled a; (b =0
to 3) can also be found in [2], and is given by

- 1 .
Vaton = 5 (0"0) (A" 0)(07,"0) i (5.14)

Again, it is easy to show this operator is annihilated by (). The dimensional reduction can
be easily obtained from the gluino case, by noting that " — (’ybH)aZ = Viluino —
Veluon- One gets
Vatwon = 3 (\jAR) (60760°)(0%a*0,) — 3 (Nif;) (0°0%) (67" Mi) + 2 (A;6:)(6°6%) (67 a" Ay.)
-8 (Xzéj)(AJHk)(Gla*ék) —4 aijkg(/\iﬁj)(A”Qg)(eka*én) +4 (;\jél)()\kﬁl)(ﬁja*ék)
— 2¢ir0(XN'07) (0°0™) (6% Ar)
+He., (5.15)

where (0'a*);) = Ho‘iazdS\?‘, with a’, = (0%)aaa;.



To simplify this expression, one can add combinations of the following BRST-
trivial terms:

Q [Eijke(/\iGj)(9"9£)(9ka*9})} = —du; —us +uy, (5.16a)
0 [(Xiéj)(ejek)(eia*ék)} = —w tuz—u—ug, (5.16b)
Q [(eﬂ'ek)(ékéj)(eia*w — 2(uptuz+ugt+ug), (5.16¢)

as well as their Hermitian conjugates, where uy refers to the N-th term in Vgluon as
appearing in (5.15), without the numerical factor (e.g. uy = (A\jAg)(676°)(6%a*0;)). Then
one can show the following vertex operator is equivalent to Vgjuon:

7!

gluon — —6us + 12ug + H.c. . (517)

Finally, multiplying by an overall factor and dropping the prime, we arrive at the sim-
plest form

Vituon = €ijke (N6 (A"0°) (05 a*0,,) — 2 (X;0;)(N*0°)(67a*0),) + Hec. . (5.18)

The dual to this vertex operator is a BRST-closed expression with one A and one 6
whose product with Viiuon gives something proportional to the measure (4.6). This expres-
sion should also contain the gluon field a;. It is easy to see there is only one possibility:

Valuon = (0%a \;) . (5.19)

Then, using aja. — My, it is not difficult to show ‘N/gluonVZgluon is indeed proportional
to (4.6).

6 Conclusion

In this work, we have obtained a simple measure factor for the A and 6 zero-mode inte-
grations in the pure-spinor formalism in the context of an A’ =4, d = 4 theory. We have
shown that the measure can be defined unambiguously up to BRST-trivial terms and an
overall factor, and is much simpler than (although equivalent to) the expression obtained
by dimensional reduction from the A/ =1, d = 10 measure factor. We have also given two
explicit examples of how to obtain the dual to a vertex operator using this measure.

We expect these results to be useful for the computation of disk scattering amplitudes
of states propagating in the world-volume of a D3-brane, as well as open-closed superstring
amplitudes of states close to the AdSs boundary [6]. It would also be interesting to make
contact with recent results obtained for ten-dimensional superstring amplitudes, such as
those in [7-9].
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A Notation and conventions

A.1 Two-component spinor notation

The four-dimensional Lorentz group SO(3, 1) is locally isomorphic to SL(2,C), which has
two distinct fundamental representations. One of them is described by a pair of complex

%:(£>, (A1)

U, =Aws, A ESL(2,0), (A.2)

numbers [3]

with transformation law

and is called (%, 0) or left-handed chiral representation.

The other fundamental representation, called (0, %) or right-handed chiral, is obtained
by complex conjugation:
o=A0g,  AL=(00). (A3)
The dot over the indices indicates the representation to which we refer.
The indices with and without dot are raised and lowered in the following way:

v =ePys, X% =eYxy; (A.da)
wa - €a51/1ﬂ ) Xd - 5@5’)2[3 ) (A4b)

where ¢ is antisymmetric and has the properties

S —gjs =1 = eap" =67, 5d6557 = 621 (A.5)

For spinorial derivatives, raising or lowering the indices involve an extra sign. For example,
o _ _coBp,.
Di = —€ Dm.

The convention for contraction of spinorial indices is

P = (0A), xa€t = (XE). (A.6)

In SL(2,C) notation, a four-component Dirac spinor is represented by a pair of chiral

Uy, = (‘Z’g) . (A7)
X

a _ 0 (Ua)ad
N = <(O~.a)do¢ 0 > ’ (A8)

where the matrices 0® (a = 0,...,3) are defined as

spinors:

(0%as = (10, &)ag, (6% =B (o) = (~Ip,—&)*,  (A.)

— 11 —



with Iy the 2 x 2 identity matrix and & the Pauli matrices

ol — 01 : o2 = Q_Z 7 P Lo , (A.10)
10 1 0 0-1

and have the following properties:

(0Y0a(5a)"7 = 20060, (0a)aa(6))3® = —28%,
05" = —n® 4 o, 50" = — "+ 5, (A.11)
o = — gt 5% = — 5", (0“")a® = (6*°) % =0,

with n = diag(—1,1,1,1). These properties imply {£% 2} = —2p21,.

A.2 Dimensional reduction

Since in the text we write expressions both in ten- and four-dimensional notation, it is
important to clarify our notation and conventions. Breaking the SO(9, 1) Lorentz symmetry
to SO(3,1) x SO(6) ~ SO(3,1) x SU(4), an SO(9, 1) vector v* (u =0, ...,9) decomposes as

ot —s (v®, ol (A.12)

where v® (a = 0,...,3) transforms under the representation 4 of SO(3, 1) and vl¥! = 77
(1,7 =1,...,4) transforms under the 6 of SU(4). The relation between the 6 of SU(4) and
the 6 of SO(6) is given by the SO(6) Pauli matrices (p;)¥ = —(p7)?* (I = 1,...,6) in the
following way:

i) — %(pl)ijvl"'?’. (A.13)

These matrices have the properties [4]

(" (p7) e + (07 (p") 1 = 20" 50,
1
(0" = §6¢ju(p1)ké, (A.14)
(P (pr)ee = —2¢€ijke

where 1!/ = diag(1,1,1,1,1,1) and &;j4¢ is the SU(4)-invariant, totally antisymmetric
tensor such that e1934 = 1. Analogously, one can define the tensor gkt guch that £1234 = 1.
These satisfy the relation

Eijpee™ ™ = 46705 - (A.15)
A left-handed Majorana-Weyl spinor £% (& = 1,...,16) transforming under the 16 of
SO(9,1) decomposes as

€4 — (67,88, (A.16)

where we use the standard two-component notation for chiral spinors (v = 1,2; 6 = 1,2)
and £ (resp. EJO‘) transforms under the representation 4 (resp. 4) of SU(4). Analogous
conventions apply to right-handed Majorana-Weyl spinors of SO(9,1).
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We also need to know how to translate the SO(9,1) Pauli matrices (7), 5 and (*y“)dé
to the language of SO(3,1) x SU(4). Based on [5], we propose the following ansatz for the
non-vanishing components:

D) wir(s) = 2€a80fi0, (A.17)

for (v#),5 and

&

()@0) = 557y = () ()
(V[kz])(ai)(ﬁj) _ coBijkt (A.18)
(1) (D) = geo8shst

for (’y“)&ﬁ. It is straightforward to show that the above matrices satisfy the usual relation
(M) a7+ (7)ap (") = =205, (A.19)

with n[ij”ke] = %Eiﬂd.
As an example, we show how to obtain the dimensional reduction of the pure spinor
constraints Ay A = 0 using (A.17). For Ay*\ = 0, we have

)\d(’YQ)dﬁa/\B =0 = )\ai(’YQ)(M)(?)S\? + 5\?(7“)(?)(%))\“" = 20% (0% e A =0,

whence
AV =0, (A.20)
For M\ = 0, we have

Ad(v[iﬂ)dg)\ﬁ =0 <= NP o N () AL = 2(NN) — TR ) = 0,

(@)
whence

o 1 ..., - _
(NN = 55]“(%&). (A.21)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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