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The Lindblad form: Completely positive Markovian evolutions

Consider a one-parameter family of completely positive maps C; = e? that are ob-
tained by exponentiating a superoperator generator £. We can write a time dependent
Kraus (operator-sum) decomposition

ZB t)® Bi(t) . (1)

If we require the maps to be trace-preserving, then we must have
= BL(t)Ba(t) - (2)
«

Notice that if C, = e~ is completely positive for nonzero, but arbitrarily small times e,
then the entire one-parameter family is completely positive.
At t =0, C; becomes the identity superoperator:

I=101=C—o= ) Ba(0)® Bi(0). (3)

The decomposition theorem for completely positive maps then tells us that
B, (0) = Vuol, (4)

where the complex numbers Vo are the zeroth column of a unitary matrix, i.e.,
1= |Vaol*. (5)
«

Now consider a small time ¢ = ¢, and separate the decomposition operators By, (€) into two
classes: (i) The first class consists of those decomposition operators that go to a (nonzero)
multiple of 1 as € goes to zero, i.e., those for which V.o # 0; assign these operators the
indices « = 1,..., N. (ii) The second class consists of those decomposition operators that
go to zero as € goes to zero, i.e., those for which V.o = 0; let these operators have the
indices @ > N. Notice that the decomposition operators in the first class must have the
form

B.(€) = Vaol + €bg, (6)

whereas those in the second class must have the form

Ba(€) = Veby . (7)



Now let V5 be a block-diagonal unitary matrix with the following form: in the upper
left N x N block, V,s is any N x N unitary that extends the zeroth column V,o and in
the lower right block, V3 is the unit matrix. Consider a new decomposition of C, defined

by the unitary remixing
=D _VdsBale) - (8)
B

This remixing leaves the decomposition operators in the second class unchanged, but
changes those in the first class to

€)= VI,(Vaol + ebg) = da0l + caq , (9)
B

where

g = Z Voirﬁbg : (10)
B

We can neglect all of the new first-class operators except Ag(€). With a relabeling we have

the decomposition
Z Aq(e) ® Al (e) | (11)

where o/ )
_J1+eap=1—-¢€(g/2+1h), a=0.
Anlo={ L =0 (12

Here g and h are Hermitian.
Now we're set. The operation C, becomes

C.=e“=T+¢eL
= Ao(e) © Al (e +ZA ) ® Al ()

= (1+ eag) ® (1 +ea}) +eZaa®a2 (13)

:I+e<a0®1+1®a8+2aa®ag> ,

where here and henceforth, sums run over o > 0. Thus the generator £ has the form

L=a®l+10af+) a,©al

14)
1 (
—z‘(h@l—l@h)—5(g@1+1@g)+za:aa@ag.
The trace-preserving condition, should we wish to require it, is

1=CX(1)=1+4+e£*(1), (15)
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which becomes

OZEx(l):—g—I—Za};aa = g:ZaLaa. (16)

In the trace-preserving case, the first term in £ is a Hamiltonian evolution, and the re-
maining terms describe a nonunitary evolution consistent with complete positivity.

It is useful to write the generator in a more abstract form. The final term in £ is a
completely positive “diffusion” map

D:ZaaG)aL:Z]aa)(aa\. (17)

We can write the generator (14) in the abstract form
L=—i(h®1-10h)—(gO1+10g)/2+D. (18)

The trace-preserving condition is

0=LX(1)=—-g+D*(1) <= g=D*(1)=)» alaa, (19)

since
LX=ihol-10h) - (gol1+10g)/2+D* . (20)

This leaves the trace-preserving generator in the form

1
ﬁz—i(h@1—1@h)+52(2aa@a;—1@@%—@3%@1). (21)

«

What we have shown is that any generator of a one-parameter family of completely
positive maps has the form (18), with D completely positive and with g given by (19) if the
maps are trace-preserving. Moreover, it is clear from our construction that any generator
of the form (18) does generate a one-parameter family of completely positive maps, which
are trace-preserving if g is given by (19). On the other hand, not all completely positive
maps can be derived from Markovian evolutions, as shown by Wolf and Cirac [M. M. Wolf
and J. I. Cirac, “Dividing quantum channels,” Communications in Mathematical Physics
279, 147-168 (2008)].

The freedom in defining a particular generator L, if one wishes the diffusion map to be
given in terms of a Kraus decomposition, is the freedom to do arbitrary unitary remixings
of the decomposition operators a,. Among the Kraus decompositions of D, there is a
special one, the eigendecomposition of D relative to the left-right action:

D= ZTa o1l = Z 1Ta)(Ta| ,  where (To|73) = tr(7175) = Mabap, Ao >0. (22)
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The diffusion map is generally not given in terms of a Kraus decomposition, however.
The general form of the diffusion map is obtained by defining new operators

ch%L;é:Zf—j—aﬁL;é — TazgcﬁLﬁazm;Cﬁ Lge

Vi

(23)
where L is an invertible matrix (we pad the list of eigenoperators with zero operators if there
are, as is generally the case, more operators cg than eigenoperators 7,). The operators cg
provide a Kraus decomposition of D if and only if L is unitary. Generally the operators
cp are an overcomplete and/or nonorthogonal set; they are a complete, orthonormal set of
operators if and only if the matrix Lg,/v/A, is unitary. The diffusion superoperator now
assumes the form

D:ZAaﬁcaQCg :ZAocﬁ|Coz)(C/3| ’ (24)
a,B a,B
where
s = X Lan 5y = (L0 )
i

is a positive matrix (this expresses the complete positivity of D). Notice that for trace-
preserving situations, where

g=D*(1) = ZAZBCL% = ZAachca , (26)
o, a,f
the generator takes the form

1
E:—i(h@l—l@h)+5214&5(20&@02—1@020&—cgca(Dl) . (27)
a7/3

This general form for trace-preserving L is called the Lindblad form [R. Alicki and K. Lendi,
Quantum Dynamical Semigroups and Applications (Springer, Berlin, 1987)].

Positive and left-right Hermitian Markovian evolutions

What changes if the one-parameter family C; is supposed to consist of positive, but
not necessarily completely positive maps? More generally, we should ask about generators
L of one-parameter families C; = e** of left-right Hermitian maps, of which positive maps
are a special case. A map is left-right Hermitian if and only if it is the difference between
two completely positive maps (equivalently, a map is left-right Hermitian if and only if it
maps Hermitian operators to Hermitian operators). Notice that if C, is left-right Hermitian
(positive) for nonzero, but arbitrarily small times ¢, then the entire one-parameter family
is left-right Hermitian (positive).

For a small time €, we can write

Ce = Cl,e - 02,6 5 (28)
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where C ¢ and C5  are completely positive. As e goes to zero, C; must go to the unit
superoperator, and Cy must go zero. We can conclude immediately that C . has the form

0276 = EEQ = €D2 y (29)
with Dy completely positive, and we can apply the argument above to C ¢ to get
0176 = I+ €£1 y (30)

where

Li=—i(h®1-10h)—(gO1+104g)/2+ Dy, (31)
with Dy completely positive. Thus the generator of C. is

L=L1—Ly=—i(h®1-10h)—(gO14+10g)/2+D, (32)

where

D=D, —D, (33)

is left-right Hermitian. If we want the maps to be trace-preserving, we again have the
condition

0=LX(1)=—g+D*(1) = g=D )= Df1)-D;M)]. (34

What we have shown is that the generator of a one-parameter family of left-right
Hermitian maps has the form (32). Moreover, the construction shows that any generator
of this form does generate a one-parameter family of left-right Hermitian maps. [This also
follows directly from two facts: (i) (Ao B)" = AT o BT, where composition, denoted by o,
is the kind of multiplication in e“*, and (ii)

Ll=i(loh-hol)-(10+-9g01)/2+Df (35)
= —i(h©1-10h)—(9014+106g)/2+4D=L.
These two facts imply that CZ = e£Tt = £t = C:.] We do not address the question of
whether all left-right Hermitian maps can be generated by this procedure, although it
seems very unlikely to me that they can be.

Chris Fuchs has suggested that positive maps cannot be generated from the identity as
part of a one-parameter family, but it is clear that some positive maps can be so generated,
so this property does not distinguish completely positive maps from positive ones.



