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A jump operator on the Weihrauch degrees
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Abstract

A partial order (P, <) admits a jump operator if there is a map j: P — P that is strictly
increasing and weakly monotone. Despite its name, the jump in the Weihrauch lattice fails
to satisfy both of these properties: it is not degree-theoretic and there are functions f such
that f =w f’. This raises the question: is there a jump operator in the Weihrauch lattice? We
answer this question positively and provide an explicit definition for an operator on partial multi-
valued functions that, when lifted to the Weihrauch degrees, induces a jump operator. This
new operator, called the totalizing jump, can be characterized in terms of the total continuation,
a well-known operator on computational problems. The totalizing jump induces an injective
endomorphism of the Weihrauch degrees. We study some algebraic properties of the totalizing
jump and characterize its behavior on some pivotal problems in the Weihrauch lattice.

Contents

1 Introduction 1
2 Background 2
3 The totalizing jump 5
4 The jump of specific problems 14
5 Remarks on abstract jump operators 21
6 Open Questions 23

1 Introduction

Weihrauch reducibility is a notion of reducibility between computational problems that calibrates
uniform computational strength. Despite growing interest in the Weihrauch degrees, their underlying
structure remains relatively unexplored. Early work showed that the Weihrauch degrees form a
distributive lattice with a bottom element; see [7] for an overview.
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In the context of classical computability theory, a central role is played by the Turing jump. It
is therefore natural to ask whether there is an analogous operation in the Weihrauch lattice. An
answer to this question requires a precise description of the desired properties of a jump operator.

Definition 1.1 ([11, Def. 1.1]). Let (P, <) be a partial order. A jump operator on P is a function
j: P — P that is

(1) strictly increasing, i.e., for every p € P, p < j(p), and
(2) (weakly) monotone, i.e., for every p,q € P, if p < ¢ then j(p) < j(q).
The structure (P, <, j) is called a jump partial order.

This definition comes from Hinman and Slaman, who showed that every countable jump partial
order is embeddable in the Turing degrees [11, Thm. 1.8]. Later, Lerman [14, Theorem 10.1.2]
extended this result to every countable jump partial order with least element preserved under the
embedding; and Montalbdn [16, Thm. 4.17] extended this result by showing that every countable
jump upper semilattice can be embedded in the Turing degrees preserving also the join operation.

Using the Axiom of Choice, it is not hard to show that every upper semilattice without maximum
(P, <,®) admits a jump operator: given a well-ordering (p,)q of P, we can define j(p) := p ® pa,
where « is least such that p, £ p. It is straightforward to check that this map is indeed a jump
operator on (P, <,®). However, this argument heavily uses the Axiom of Choice, and most likely,
the defined jump operation will not be “natural”.

In the context of Weihrauch reducibility, Brattka, Gherardi and Marcone [6] defined the jump
of a partial multi-valued function (see Section 2 for the precise definition). While this operator
(that originally was also called the derivative) has some connections with the Turing jump, it fails
to satisfy both properties (1) and (2) in the definition of a jump operator.

In this paper, we explicitly define a jump operator on computational problems which we call
the totalizing jump. We show that, while the explicit definition may look technical, it has a natural
connection with the totalization operator T, a well-known operator on computational problems.

After recalling the necessary background notions in Section 2, we define and study the totalizing
jump in Section 3. In particular, we show that the degree of the totalizing jump tJ(f) of a problem f
is the maximum degree of Tg for g =w f (Theorem 3.3). We also show that the map tJ is injective
on the Weihrauch degrees (Theorem 3.7). This, in turn, implies that tJ is an injective (but not
surjective) endomorphism of the Weihrauch degrees into themselves. As a corollary, this induces
two new embeddings of the Medvedev degrees into the Weihrauch degrees. In Section 4, we explicitly
characterize the totalizing jump of specific well-known problems. We make some remarks on abstract
jump operators in Section 5, and finally, in Section 6, we highlight some open problems.

2 Background

In this section, we provide a short introduction to the Weihrauch degrees, focusing on what will be
needed in this paper. For a more thorough presentation, the reader is referred to [7].

We let NN and 2N denote Baire and Cantor space, respectively. Let N<N and 2<N denote the
sets of finite strings of natural numbers and of finite binary sequences, respectively. We write
(xgy...,xn—1) for the string o := i — a; of length n. The length of o is denoted |o|. If z is a
finite or infinite string, we write z[n] for the prefix of x of length n. We use 6”7 to denote the
concatenation of o and 7, and C for the prefix relation.

We will use the symbol (-) to denote a fixed computable bijection NN — N. An explicit
definition for (-) can be found in any basic textbook on computability theory. We assume that this
map has all the standard computability-theoretic properties, e.g., that o +— |o| is computable. For
the sake of readability, we write (no,...,nx) in place of {(ng, ..., nk)).



Often, the symbol (-) is used to denote the join between two (finite or infinite) strings with the
same length. The meaning of (-) will be clear from the context. Moreover, if (x;);cn is a sequence
of infinite strings, we define (zg, z1,...)({i,5)) = z:(J).

We write f :C X =2 Y for a partial multi-valued function with domain contained in X and
codomain Y. For every f,g :C NN = NN, we say that f is Weihrauch reducible to g, and write
f <w g, if there are two computable functionals ® :C NN — NN and ¥ :C NN x NN — NN such that,
for every p € dom(f),

(1) ®(p) € dom(g), and

(2) for every q € g®(p), ¥(p,q) € f(p).

The functionals ® and ¥ are often called the forward functional and the backward functional,
respectively. Unless otherwise mentioned, we will assume that ® is the name for the forward
functional and W is the name for the backward functional.

If ¥ need not have access to the original input p, we say that f is strongly Weihrauch reducible
to g, and write f <gw g. Formally, f <qw g if there are two computable functionals ® and ¥ such
that, for every p € dom(f),

(1) ®(p) € dom(g), and

(2) for every q € g®(p), ¥(q) € f(p)-

Weihrauch reducibility is often formulated in the more general context of partial multi-valued
functions on represented spaces, also called computational problems. However, if we are interested in
the structure of the degrees, there is no loss of generality in assuming that computational problems
have domain and codomain NY. Indeed, for every computational problem on represented spaces,
there is a canonical choice for a Weihrauch equivalent problem on the Baire space (see, e.g., [7,
Lemma 3.8]). With a small abuse of notation, we can consider problems with other domains and
codomains (e.g., N, 2<N and N<N). They can be identified with problems on N using canonical
representations (e.g., n € N is represented by any p € NN with p(0) = n, and a tree is represented
by its characteristic function).

We say that f is a cylinder if for all g, g <w f if and only if ¢ <;w f. The notion of cylinder
is often useful to prove separation results (as proving the non-existence of a strong Weihrauch
reduction can be easier).

As mentioned in the introduction, the Weihrauch degrees form a distributive lattice, where join LI
and meet M are obtained by lifting the following operators to the degrees:

o (fUg)(i,x):={i} x f(x)ifi=0and (fUg)(x):={i} x g(x) if i =1;
« (fNg)(x,2) = {0} x fz) U {1} x g(2).

There is a natural bottom element, which is the (degree of the) empty function. The existence
of a top element is equivalent to the failure of some relatively mild form of the Axiom of Choice
(see [8, §2.1]). In this paper, we work in ZFC, so we will assume that the Weihrauch degrees do not
have a maximum element.

There is a plethora of operators defined on computational problems, each of which captures a
specific (natural) way to combine or modify computational problems. Most (but not all) of them lift
to Weihrauch degrees. It is beyond the scope of this paper to list them all; we will instead mention
the ones that are relevant to this work.

The parallel product f x g is defined as (f x g)(z,y) := f(z) x ¢g(y) and captures the idea of
using f and g in parallel. Its infinite generalization is called parallelization, and can be defined as
the problem f := (z;)ien = {(yi)ien @ (Vi € N)(y; € f(;))}. In other words, given a countable
sequence of f-instances, fproduces an f-solution for every f-instance.



To capture the idea of using f and ¢ in series, we introduce the compositional product: Let
(I'p)peny be an effective enumeration of all partial continuous functionals with G'5 domain. We
define f * g as the problem that takes as input an element of the set

{(p,z) € N¥ x N : & € dom(g) and (Vg € g(x)) T'y(g) € dom(f)},

and produces a pair (y,w) with w € g(z) and y € f(I'p(w)). Historically, the compositional
product is defined as a map on a pair of computational problems or Weihrauch degrees (see [6])
that corresponds to max<,, {foogo : fo <w f and go <w g¢}. However, it is convenient to fix a
specific representative of such degree (see [18] for a short proof of the fact that f * g as defined
above works). Recalling that the compositional product is associative ([7, Prop. 11.5.6]), we denote
by fI" the n-fold compositional product of f with itself (i.e., f:= f, f? := f « f, and so on).

All the operators mentioned so far are degree-theoretic. We now introduce a few operators that,
despite not being degree-theoretic, still play an important role in the theory.

The jump f" of f:C X =Y is the problem that takes as input a convergent sequence (py,)nen
in NN and is defined as

F(a)nex) = f ( lim pn )

Observe that, letting lim :C (NY)N¥ — NN be the computational problem that computes the limit
in the Baire space, f’ <w f xlim. The converse reduction does not hold in general (take, e.g., a
function f that only has computable outputs).

As anticipated, this jump operation fails to be a jump in the abstract sense: A simple counterex-
ample is the constant function ¢ := p + 0N that maps every p € NV to the constant 0 string. Indeed,
given that the input plays no role, it is apparent that ¢’ =w c. This shows that the operator ’ is
not strictly increasing. At the same, letting id be the identity on the Baire space, we have

d =w ¢ =w id <w id’ =w lim,

where id’ = lim is straightforward from the definition (see also [6, Ex. 5.3(5)]).

One may think that the constant function is a somewhat weird exception, but this is not the case.
For example, as mentioned, f’ intuitively corresponds to using lim once, and then applying f to the
result. For any computational problem strong enough to be closed under compositional product
with lim, the jump is not strictly increasing.

As a side note, we mention that, even though the jump is not weakly monotone on the Weihrauch
degrees, it is weakly monotone on the strong Weihrauch degrees. It still fails to be a jump, as it is
not strictly increasing on the strong Weihrauch degrees.

In the definition of the totalizing jump, a central role is played by the total continuation or
totalization operator. For every partial multi-valued f :C NN = NN, its totalization is the total
multi-valued function Tf: NY = NV defined as

TH) = {éﬁ”) e don(s),

otherwise.
Again, the totalization is not a degree-theoretic operation: as a simple counterexample, it is enough
to consider a total computable function and a partial computable function with no total computable
extension.

We conclude this section by listing a few computational problems that will be useful in the rest
of the paper. We already introduced the identity problem id and the problem lim :C (NN)N — NN
that maps a convergent sequence in NV to its limit. It is well-known that lim =.w I_P/\O7 where
LPO: NN — 2 is defined as LPO(p) := 1 iff (3n € N) p(n) # 0. It is convenient to think of LPO(p)
as the answer to a single ¥~ (or TI)"-)question.



Some benchmark examples in the Weihrauch lattice are choice problems. The choice problem C
can be intuitively described as the problem of finding elements of non-empty subsets of X given
an enumeration of the complement of the subset. Their formal definition is usually given in the
more general context of represented spaces, but for the sake of this paper, we can define them in a
(strongly Weihrauch) equivalent way as problems on Baire space as follows:

o C,: Givenp € (k+1)Y such that (3n < k) n+1 ¢ ran(p), find n < k such that n+1 ¢ ran(p).
o Cy: Given p € N¥ such that (3In) n + 1 ¢ ran(p), find n such that n + 1 ¢ ran(p).
o Con: Given (the characteristic function of) an infinite subtree of 2<V, find a path through it.

o Cyn: Given (the characteristic function of) an ill-founded subtree of N<N, find a path through
it.

The restrictions of the choice problems to instances with a unique solution are denoted with the
symbol UCy. It is known that UCy =w Cy ([6, Thm. 3.8]), UC, =w UCy =w id (where the
second equivalence follows from the fact that 2V is computably compact, see, e.g., [3, Cor. 6.4]), and
UCNN <w CNN ([12, Cor. 37])

3 The totalizing jump

We fix a computable enumeration (®.)cen of partial computable functionals from NY to NN, We
now introduce the following new operator on computational problems:

Definition 3.1. Let f :C NY¥ = NN be a partial multi-valued function. We define the totalizing
jump (or tot-jump for brevity) of f as follows: For every e,i € N and every p € NN,

{®i(p,q) : g€ fPe(p)} if Pe(p) € dom(f) and
tJ(f)(e i, p) == (Vg € f@e(p)) ®i(p,q) |,
NN otherwise.

Remark 3.2. For some proofs, it may be convenient to use the following (strongly Weihrauch
equivalent) definition for the tot-jump: For every partial multi-valued function f :C NN = NN and
every z = (e,i)"p € NV, we define

{®i(z,q) : g€ fPc(x)} if P(x) € dom(f) and
tJ(f)(x) := (Vg € f@c(x)) Pi(z,q)

NN otherwise.

To show that tJ(f) =sw tJ(f), observe that the only difference between the two problems is that
in tJ(f), the functionals ®. and ®; receive as input their own indices. In particular, to prove that
tJ(f) <sw tJ(f), it suffices to notice that, given e, 4, p, we can uniformly compute €', € N so that
Do (p) = Pe((e,i) p) and Py (p,q) = Pi((e,7)"p, q). The other reduction is proved analogously.

Intuitively, we can think of the tot-jump tJ(f) of f as a problem that “collects all possible
Weihrauch reductions to f and totalizes”. In particular, the name “totalizing jump” is motivated
by the following characterization of the Weihrauch degree of tJ.

Theorem 3.3. For every problem f,

o there is a g =w [ such that tJ(f) = Tg.



In other words, the Weihrauch degree of tJ(f) is the mazimum of the Weihrauch degrees of the
totalizations of the g’s which are Weihrauch equivalent (equivalently, reducible) to f.

Proof. Fix a problem f. Assume that g <w f via ., ®,. It is straightforward to see that Tg <w
tJ(f) is witnessed by the maps p — (e,4,p) and (p,q) — ¢q. Indeed, if p € dom(g) then ®.(p) €
dom(f) and, for every q € f®.(p), ®;(p,q) € g(p). In particular, tJ(f)(e,i,p) C g(p). On the other
hand, if p ¢ dom(g) then tJ(f)(e,i,p) C Tg(p) = NN.

To conclude the proof, let us define

g(e,i,p) = {®i(p,q) : q € fPc(p)}

with dom(g) := {(e,i,p) € N x N x NN : ®.(p) € dom(f) and (Vg € f®.(p)) ®:i(p,q) |}. It is
immediate from the definition of g that ¢ =w f and tJ(f) = Tg. O

We now show that the tot-jump is a degree-theoretic operator that induces a jump operator on
the Weihrauch degrees.

Theorem 3.4. For every f, [ <w tJ(f). Moreover, for every f,g, if f <w g then tJ(f) <w tJ(g).

Proof. The reduction f <w tJ(f) is straightforward (just map x to (e,,x), where e, are indices
for the identity function and the projection on the second component respectively), so we only need
to show that tJ(f) Lw f.

Let d: N¥ — NN be the function defined as d(p)(0) := p(0) + 1 and d(p)(n + 1) := p(n + 1).
Observe first of all that tJ(f) (and hence tJ(f)) is strongly Weihrauch equivalent to the multi-valued
function fy that, on input = = (e,4)" p, is defined as

{do®i(z,q) : ¢ € fPc(x)} if De(x) € dom(f) and
fa(z) := (Vg € f@c(x)) i(z,q) |,

NN otherwise.

Indeed, the reduction fq <ew tJ(f) follows from the fact that, for every € NN and every ¢ €
tJ(f)(x), d(¢q) € fa(x). The converse reduction is witnessed by the maps id and

q if q(0) =0,
" {d—l(q) if ¢(0) > 0.

It is therefore enough to show that fy; L<w f. Assume towards a contradiction that f; <w f is
witnessed by the functionals ®, and ®;. Fix p € N and let y := (e,i)"p. Since f4 is total,
y € dom(fq). Moreover, by definition of Weihrauch reduction, ®.(y) € dom(f) and for every
qc fq)e(y)v (I)l(y7Q) J,

We have now reached a contradiction, as for every non-empty X C N¥ X ¢ d(X) (consider
p € X such that p(0) is minimal). In particular, taking X = {®;(y,t) : t € f®.(y)} # 0, there is
q € f®.(y) such that

Di(y,q) ¢ d(X) ={do®i(y,t) : t € fe(y)} = faly),

contradicting the definition of Weihrauch reducibility.!

To prove the last part of the statement, assume that f <y ¢ via the functionals ®., ®;. Let
(a,b,p) be an input for tJ(f). We can uniformly compute ¢,d € N so that ®.(p) = P(P,(p))
and ®4(p,q) = Pp(p, P;(Pu(p),q)). The reduction tJ(f) <w tJ(g) is witnessed by the functionals

(a,b,p) = (c,d,p) and (p,q) — q.

I'Without sufficiently strong choice axioms, we cannot prove the existence of ¢ € f®.(y) witnessing the contradic-
tion.



Indeed, if ®,(p) € dom(f) and, for every g € f®,(p), Pv(p, q) {, then tJ(f)(a,
q€ fPu(p )} In this case, by the definition of Weihrauch reducibility, ®.(p) = ®.
and for every t € g®.(p), ®;(Py(p),t) € fPu(p). In particular, ®p(p, ®;(Pa(p),t)) L€ tI(f)(a,b,p).
In other words, tJ(¢9)(c,d,p) C tJ(f)(a,b,p). The other case (i.e., if ®,(p) ¢ dom(f) or if there is
q € f®,(p) such that ®,(p,q) 1) is trivial as tJ(g)(c, d, p) C tJ(f)(a,b,p) = NN O

b,p) = {®u(p,q) :
)( a(p)) € dom(g)

Remark 3.5. Notice that the same proof shows that tJ induces a jump operator on the strong
Weihrauch degrees. Indeed, the reductions f <w tJ(f) and tJ(f) <w tJ(g) (when f <w g) are both
strong Weihrauch reductions. Moreover, as noticed, fq =sw tJ(f) =sw tJ(f), hence f <qw tJ(f).

Observe that the definition of tJ(f) is Aé’f in the language of third-order arithmetic, i.e., there
is a Al-formula with parameter f that says “t € tJ(f)(e,4,p)”. Indeed,

« af(p) = ®.(p) L€ dom(f) is equivalent to (Ir,q)[ r = .(p) A (r,q) € f ], which is £7;

o Bt(p) = (V)| (®e(p),q) € f — Bi(p,q) L] is I}/

hence the formula ¢ € tJ(f)(e, 4, p) can be written as
(ap(p) A Br(p)) = (3q € [fPe(p)) t = Pi(p, )

Remark 3.6. No jump operator on partial multi-valued functions can be defined by a E}’f formula.
To show this, we use the fact that Cyyv =w 2%—CNN (essentially proved in [12, Thm. 3.11]), where
Ei—CNN is the problem of finding elements in non-empty analytic subsets of NY. Assume that j
is an operator defined by a E}’f-formula. In particular, ¢ € j(Cyv)(p) is a Li-formula ¢(p, q)
where Cyv may appear. Since “z € Cyn(A)” is arithmetic in z, A (in fact, Cyn(A) is T relative
to A), any arithmetic formula involving it is arithmetic as well. This implies that ¢(p, ¢) is actually
%1 uniformly in p, ¢ and hence we can use Zi—CNN to pick a point in {g € NV : ©(p,q)}. In other

words, j(Cyv) <w Eﬁ—CNN =w Cyw, 80 j is not strictly increasing.

It is straightforward to see that the map tJ is injective. More interestingly, it is injective on the
Weihrauch degrees.

Theorem 3.7. For every f,g, if tJ(f) <w tJ(g) then f <w g. This implies that the map tJ is an
injective endomorphism on the Weihrauch degrees.

Proof. Let f,g be two partial multi-valued functions and assume that tJ(f) <w tJ(g) via the
functionals ® and ¥. Consider a pair (e, ) such that e is an index for id and ®;(p, q) is defined as
follows: Let m € N be the first number found such that (3z € NY) ¥((e,4,p), 2)(0) }= m. Then

@@ﬂmwF{“m+m+lﬁ”‘9
q(n) otherwise.

To show that f <w g, let p € dom(f) and consider the input (e,4,p) for tJ(f). Let (a,b,t) =
®(e,i,p) be an input for tJ(g). Observe that ®,(t) € dom(g) and for every r € g®,(t), Dp(t,7) J.
Indeed, if not, then any z € NV is a valid solution for tJ(g)(a,b,t). In particular, we could take z
so that ¥((e,,p), 2)(0) J=m. This would lead to a contradiction as, by definition of ®;, for every
y € tJ(f)(e, i, p) we have y(0) > m. In other words,

tJ(g)(®(e,i,p)) = {Du(t, ) : (a,b,t) = P(e,i,p) and r € gP,(¢)}.

Hence, a solution for tJ(f)(e, 7, p), and in turn for f(p), can be uniformly obtained from g(®,(¢)). O



As we will discuss extensively later, tJ is not surjective, even on the cone above tJ(@)). The
previous theorem implies that there is a proper substructure of the Weihrauch degrees that is
isomorphic to the Weihrauch degrees. Note that, using this endomorphism, we obtain two (and,
by iterating, infinitely many) new embeddings of the Medvedev degrees into the Weihrauch degrees
(see [10] for a survey on Medvedev reducibility, and see [7, Thm. 9.1] for the two known embeddings
of the Medvedev degrees into the Weihrauch degrees).

Observe that, as a corollary of Theorem 3.3, we obtain that tJ(f) is never a cylinder. Indeed,
we can prove something slightly stronger:

Proposition 3.8. For every f :C NN = NN such that f <gw Tf, Tf is not a cylinder.

Proof. Tt is well-known that ¢ is a cylinder iff id xg <sw ¢ ([4, Cor. 3.6]). Assume towards a
contradiction that id xTf <qw Tf is witnessed by the functionals ®, ¥. Notice that, for some
computable p € NN and some # € NN, ®(p, x) = z for some z ¢ dom(f). Indeed, if this were not
the case, then we would obtain T f <gw f, contradicting the hypothesis.

Since Tf(z) = NN, for every ¢ € NV we obtain ¥(q) = (p,y) for some y € Tf(x). If we
consider (p',z) with p’ # p and ¢ € Tf®(p',z), we reach a contradiction, as ¥(q) = (p,y) ¢
(id xTf)(p,x). O

Since, as proved in Theorem 3.3, for every f there is ¢ =w f such that tJ(g) =w tJ(f) = Ty,
the previous proposition implies that tJ(f) is not a cylinder.

In the rest of the section, we prove several properties of the tot-jump, including various results
that better describe the range of tJ. We first provide an alternative characterization of tJ(f). For
this, we introduce the following computational problem:

Definition 3.9. Let us define W o :€ NY = NN as

Wi (p) := {g € N = (Vi) g(i + 1) > g(i) and po g = 0"}
In other words, Wy o (p) lists the addresses of infinitely many zeroes of p.

Notice that Wyyg_, o is uniformly computable (it can be solved by unbounded search) and partial,
as dom(Wpg_,m0) = {p € NN (3°°4) p(i) = 0}. An important property of Wig_, o is that, for any
given p € dom(Wppy o) and any g € NN it is c.e. to check if ¢ ¢ Wi mo(p). This also motivates

the choice of the notation, as Wyyg_,qpo is “translating a IT3-question into a II{-question”?

Theorem 3.10. For every f, tJ(f) =w T(Wngmo * f * W 1p0).

Proof. Since an_,ntl) is uniformly computable, an_m(l) * f * an_m(l) <w f, so, in light of
Theorem 3.3, we only need to show that tJ(f) <w T(Wpg_mo * f * Wrg_,0). For every input
(e,i,p) for tJ(f), let t € N be such that ¢ has infinitely many zeroes iff ®.(p) J. Let also v € NV
be such that I',(q) = ®.(p) for every ¢ and w € NY be such that I',,(q) has infinitely many zeroes
iff ®;(p,q) {. It is clear that ¢, v, w are uniformly computable from e, i, p. The forward functional ®
of the reduction tJ(f) <w T(Wmg o * f * Wry_,p0) is the map (e, 4, p) — (w,v,t). We define the
backward functional ¥ as follows: A solution for T(Wrg o * f * Wy _,H(l)) is a string of the form
(y1,Y2,y3). Given (e,i,p) and (y1,y2,y3), we compute ®(e,i,p) = (w,v,t) and do the following
operations in parallel:

o check whether y3 € Wy o (2);

o check whether y1 € Wiy 0 (I (y2));

21t is probably more correct to say that T(Wpo_, o) translates a Hg—quostion into a H(lj—question. We discuss this
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« compute ®;(p, y2).

Since it is c.e. to check if y3 ¢ Wyyg_,o(t) or y1 ¢ Wrg_,o (I'w (y2)), as long as y1 and ys “appear
to be correct”, the backward functional produces (IDZ-Ep, y2). If we see that y3 ¢ Wy o (?) or
y1 & Wig_ro (D' (y2)), we extend the partial output with oN.

Recall that, if ®.(p) € dom(f) and, for every ¢ € f®.(p), ®i(p,q) |, then tI(f)(e,i,p) =
{@i(p.q) : q € fPe(p)}. It is straightforward to check that, in this case, t € dom(Wyg o),
Ty(y) = ®c(p) € dom(f) for every y, and for every ¢ € f®.(p), I'y,(¢) has infinitely many zeroes.
In particular, every solution (y1,y2,y3) of T(Wro o * f * Wryg_,10)(®(e,4,p)) is such that y; €
Wig o (Tw(y2)), y2 € f®e(p), and y3 € Wygg o (?). By definition, the backward functional will
therefore compute @;(p,y2) € tJ(f)(e,i,p).

On the other hand, if ®.(p) ¢ dom(f) or if there is ¢ € f®.(p) such that ®;(p,q) T, then
tJ(f)(e,i,p) = N, Since T(Wrgsmo * f * Wipg_,o) and W are total, the claim follows. O

The following proposition shows that, in general, the compositions with an_,ntl) on both sides
are necessary.

Proposition 3.11. There is f such that tJ(f) Zw T(Wmg_mo * f) and tJ(f) £w T(f * Wig_mo).

Proof. Let A € 2N be such that ) <7 A <p (. Let f be the function with dom(f) := {A} that
maps A to (V.

We first show that tJ(f) £w T(Wmg_,mo * f). Assume towards a contradiction that the reduction
is witnessed by the maps ®, V. Let i be an index for the projection on the second coordinate. Let
also e be such that ®,(x) searches for k € N such that 2 = 0¥17p for some p € NY and then outputs p.
Since (e,i,0Y) € dom(tJ(f)) and A is not computable, there is k such that ®(e,i,0*) = (o, 7) and
7 # A[|7]]. In particular, for every p € NV, y := ®(e,i,0"p) ¢ dom(Wpg_,ro * f), and therefore
0N e T(Wmg_mo * f)(y). On the other hand, it is immediate to check that tJ(f)(e, i, 017 A) = ().
We have reached a contradiction, as ¥((e, 7,017 A),0N) = (' would imply that ' <7 A, against
the hypothesis on A.

Let us now show that tJ(f) £w T(f * W o). To this end, assume towards a contradiction
that the reduction is witnessed by the functionals ® and W. The idea is to diagonalize by choosing
an input (e, 7, x) for tJ(f) so that the output of ®; is different from any output of . Let e be an
index for the identity functional and let x = A.

To find ¢ € N we use the recursion theorem. First we define ®;(p, ¢)(0): In parallel, we compute
U((e,i,p), (o1, 09)) for all possible oq,09 € NN until we find a pair (o1, 02) such that

\If((e,i,p), <017 02>)(0) l=m,

for some m € N and then set ®;(p,¢)(0) := m + 1. At least one such pair exists, otherwise ¥ is
never defined when the first input is (e, 4, p), contradicting the definition of Weihrauch reducibility.

Since we are interested in defining the behavior of ®;(p,q) only when p = z = A and ¢ = (/,
we describe a procedure for computing ®;(z,0’)(1) which on different inputs may not converge,
or converge to an arbitrary string. Start from (w,z) = ®(e,4,2) and use (" to check if there is a
7 € N<N that satisfies all the following properties:

o (Vi<Itl=D(G+1)>7()),
« (Vi <l|t)(ze7(j) =0),
® \If((e,i,x), <®I[|T|]=T>)(1) .

Intuitively, we are searching for an initial segment 7 of a solution of Wyo_,;j0(2). A solution for
f*Wrgg 0 (w, 2) is of the form (r, s), where s € Wypo 0 (2) and r € f(I'y (53) Since f is constant @/,
to obtain a prefix of a solution we only need to search for a prefix 7 of s. To diagonalize, we require



that 7 is sufficiently long so that ¥((e,, ), (7,0'[|7]]))(1) |. Such a 7 need not exist, as we do not
know if z has infinitely many zeroes. This is the reason why we use the oracle to check if such a
search terminates.

If 7 exists, then we can search for it and define ®;(z,?")(1) := ¥((e, s, z), ('[|7]], 7))(1) + 1.
Otherwise, define ®;(z,(")(1) := 0.

For every n > 1 and every p and ¢, define ®;(p, q)(n) := 0.

Notice that tJ(f)(e, i, A) = ®;(A, (). If the input z for Wy, p0 has finitely many 0’s or, for some
5 € Wi 10 (2), L' (s) # A, then (o1, 02) is the initial segment of a solution for T(f+W_,o)(w, 2),
hence ®;(A,0)(0) # ¥((e,i, A), (o1,02) " 0Y)(0). Otherwise, (I'[|7|],7) is the prefix of a solution
f*Wg_ymo(w, 2), and therefore ®;(A,0")(1) # ¥((e, 4, A), (7, O'[|7[[))(1). O

The previous result shows that, in general, the use of W90 cannot be avoided on either side
of f. There are, however, many f such that tJ(f) =w Tf. We now provide a sufficient condition
for this to happen.

Theorem 3.12. Fiz a problem f. If there are two total computable functions ¢,9p: Nx N — N
such that

o for every e, i, (e, i) and ¥(e, i) are indices of total functionals and
o whenever g <w f via D, ®; (which might be partial), then g <w [ via Dy e,i) and Py ey,
then tJ(f) =w Tf.

Proof. By Theorem 3.3, we only need to show that tJ(f) <w Tf. We let the forward functional
of the reduction be defined by ®(e,i,p) = Py (e i) (p). Similarly, we let the backward functional
be defined by ¥((e,i,p),q) = Py(e,i)(p;q). The proof is then straightforward: Notice indeed that
if (e,i,p) is an input for tJ(f) such that ®.(p) € dom(f) and for every ¢ € f®(p), ®i(p,q) I,
then the functionals ®.,®, are witnessing the reduction g <w f for some problem g (e.g., we can
take g to be the problem that maps p to the set {®;(p,q) : ¢ € f®.(p)}). In particular, the second
item in the hypotheses implies that ®(e,4,p) = @y, (p) € dom(f) and, for every ¢ € f®(e,,p),
V(p,q) = Py(e,iy(p,q) € g(p) = tI(f)(e, i, p).

On the other hand, if ®.(p) ¢ dom(f) or if there is ¢ € f®.(p) such that ®;(p,q) 1, then
tJ(f)(e,i,p) = N, hence the claim follows by the totality of ®, ¥ (guaranteed by the first item in
the hypotheses). O

Intuitively, the hypotheses of the previous result require that any reduction g <w f witnessed
by ®., ®; is, in fact, witnessed by total functionals, and the indices for such functionals can be found
uniformly in e,¢. Theorem 3.12 can be rephrased as follows:

Corollary 3.13. Fiz a partial multi-valued function f. Assume there are total computable func-
tionals ® and U such that for every e,i € N and every p € NV, if ®.(p) € dom(f) and for every
q € f®.(p), i(p,q) |, then we have ®(e,i,p) € dom(f) and ¥((e,i,p), fP(e,4,p)) C {Pi(p,q) :
q € fPe(p)}-

Then tJ(f) =w Tf.

This rewording, on top of showing a closer connection with the definition of the tot-jump, allows
us to draw a connection with the notion of transparent functions, introduced in [6]. More precisely,
a function H :C NN — NN is called transparent if for every computable F' :C NN¥ — N there is a
computable G :C N — NN such that Fo H = HoG.

This notion can be naturally generalized to computational problems by requiring that given
two (indices for) functionals ®., ®; witnessing g <w f, we can uniformly compute the index of a
total function ®: NN — NN such that the reduction g <w f is witnessed by the functionals ® and

(p,q) = q.
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This assumption implies that tJ(f) =w Tf. Indeed, these conditions are equivalent to requiring
that there is a total computable ® such that, for every e,i € N and every p € NY_ if ®.(p) € dom(f)
and for every g € f®.(p), ®;(p,q) J, then

f®(e,i,p) #0 and  f®(e,i,p) C{Pi(p,q) : ¢ € fPc(p)}.

While many problems (including lim and its iterations) satisfy the above conditions, the assump-
tion that the backward functional is exactly the projection on the second component is unnecessarily
strong. In fact, any total computable functional would serve the same purpose. Thus we have the
hypotheses of Corollary 3.13.

In Section 4, we will use Corollary 3.13 to describe the tot-jump of some natural problems.

Lemma 3.14. There are €,1 € N such that for every f and every k € N, tJ(f) is Weihrauch
equivalent to its restriction to Xy := {(€,7)"0* "z : z € NV},

Proof. We let €,7 be the indices of two universal functionals such that ®z(p) = ®,,(p) and ®;(p,q) =
®,,,(p, q) where (n,m) is least such that p((n,m)) = 1. It is obvious that any restriction of tJ(f) is
Weihrauch reducible to tJ(f). To prove that tJ(f) <w tJ(f)|x,, we let the forward functional be

the map ®(e, i, p) := (&,2) 0™ 17 p, where n,m > k are such that, for every t,

$,,(0°17p) = c(p), and

Clearly such n, m can be uniformly computed from e, ¢, k. The backward functional is the projection
on the second coordinate. Note that ®;(0»™17p) = &, (0™ 17p) = &.(p), and similarly
D;(00™17p, q) = @5, (0™ 17p, q) = i(p, q). Thus tJ(f)(e,4,p) = tJ(f)(,7,0™17p), which
concludes the proof. O

Theorem 3.15. For every f, tJ(f) is total and join-irreducible.

Proof. The fact that tJ(f) is total is apparent by definition. We show that if tJ(f) =w go U ¢1
then there is b < 2 such that tJ(f) <w g», and thus g1—, <w ¢». Assume that the reduction
tJ(f) <w go U g1 is witnessed by the functionals ® and ¥ and let e and 7 be as in Lemma 3.14.
By the continuity of the forward functional, there exist k and b < 2 such that ®(&,7,0%)(0) |= b.
In particular, for every x J 0%, the functional ® produces an input for g,. Since, by Lemma 3.14,
tJ(f) is equivalent to its restriction to {(€,7)"0* "z : € NV}, the claim follows. O

We will show in Corollary 4.9 that the range of tJ is a proper subset of the total, join-irreducible
degrees.

Corollary 3.16. For every f,g, tJ(f) Utd(g) <w tJ(f U g). Moreover, the reduction is strict iff
flwg.

Proof. The fact that tJ(f) UtJ(g) <w tJ(f U g) follows by the monotonicity of tJ and the fact
that U is the join in the Weihrauch degrees. Clearly, if f <w g then f U g =w g, hence tJ(f) U
td(g9) =w td(g9) =w tJ(f U g). Conversely, if f |w g then tJ(f) |w tJ(g) by Theorem 3.7, and hence
tJ(fUg) Zw tJ(f) Utd(g) (by Theorem 3.15), which implies that tJ(f) Utl(g9) <w tJ(fUg). O

Theorem 3.17. For every f, there is h such that f <w h <w tJ(f).

Proof. We distinguish three cases: If id <w f, then the claim immediately follows from the fact
that the Weihrauch degrees are dense above id (see [13]).

Ifid |w f, then f <w fUid =: h. Moreover, id <w tJ(f) (as tJ(f) is total), hence fUid <w
tJ(f). The fact that the reduction is strict follows from the fact that tJ(f) is join-irreducible
(Theorem 3.15).
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If ) <w f <w id, then we have f <w id <w tJ(f) by tJ(#) =w id (Theorem 4.1 below) and the
injectivity of the tot-jump proved in Theorem 3.7. Finally, if f = () then tJ(f) =w id by Theorem
4.1, and the existence of h with () <w h <w id is well-known. O

Theorem 3.18. The range of tJ is not dense, i.e., there exist f and g such that f <w g, the set
X :={h : tJ(f) <w h <w tJ(g)} is non-empty and, for every h € X, h ¢ ran(tJ).

Proof. The claim follows immediately from the fact that the Weihrauch degrees are dense above id
and that there are (strong) minimal covers in the Weihrauch lattice (see [13]). Indeed, it is enough
to choose f and g such that g is a minimal cover of f. Since the tot-jump is always total, ran(tJ) is
contained in the cone above id and there exists h such that tJ(f) <w h <w tJ(g). By Theorem 3.7,
if h =w tJ(ho) then f <w ho <w g, contradicting the fact that g is a minimal cover of f. O

Proposition 3.19. For every f,g, tJ(f Ng) <w tJ(f) MtI(g). There exist f and g such that
tJ(f Mg) <w tJ(f) Nt(g).

Proof. The first part of the statement is straightforward using the fact that tJ is monotone and that
M is the meet in the Weihrauch lattice.

To prove the second part of the statement, let X,Y C N¥ be two incomparable Turing degrees
(i.e., for some Turing-incomparable z,y C N, X and Y are, respectively, the equivalence classes of
z and y under =7), and let f := id|y and g := id|,,. Assume towards a contradiction that the
reduction tJ(f) Mtd(g) <w tJ(f Mg) is witnessed by the functionals ® and ¥. We claim that one
of tJ(f) or tJ(g) is uniformly computable. This contradicts Theorem 4.1 below, which implies that
tJ(0) is the only uniformly computable tot-jump.

Let €,7 be as in Lemma 3.14. Observe that, for every k and every = € X,

0N e tJ(f N g)(®((e,z,0" x), (&,7, 08 "x))).

Indeed, if we let (e, i,z) be the input for tJ(f M g) given by the value ®((,7,0*"2), (¢,7,08 "z)),
then ®.(z) ¢ dom(fMg) as, by hypothesis, X and Y are Turing-incomparable (in particular z does
not compute any y € Y). Analogously, by swapping the roles of X and Y in the above argument,
for every k € Nand y € Y, 0N € tJ(f M g)(®((e,7,0*"y), (€,7,0* " y))).

By continuity, there is k¥ € N such that ¥(((e,7,0%), (¢,7,0%)),0Y)(0) commits to some b < 2.
Without loss of generality, we can assume that b = 0, i.e., the backward functional commits to
producing a solution for tJ(f). We therefore obtain that

U(((e,7,052), (e,7,0" ")), 0N) € tJ(f)(e,z,0" "),

i.e., we can uniformly compute a solution for tJ(f)(,7,0*"x) which, in turn, implies that tJ(f) is
uniformly computable. (|

The previous proof can be generalized by letting X,Y be two incomparable Muchnik degrees
(see [10] for the definition of Muchnik reducibility).

Definition 3.20 ([5, Def. 4.13]). We call a partial multi-valued function f co-total if, for every
problem g,

f<wTg = f<wy.
We observe that a problem is co-total exactly when the tot-jump “cannot help” to solve it.
Theorem 3.21. For every f, f is co-total iff for every g,
fswtllg) <= f<wy.

In particular, if f is co-total, then f ¢ ran(tJ).
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Proof. The proof is straightforward using Theorem 3.3. Indeed, assume that f is co-total and let g
be such that f <w tJ(g). Since tJ(g) =w Tgo for some gy =w g, we obtain f <w Tgo and hence
f<wgo=wg.

The converse implication is similar: Assume that for every g, f <w tJ(g) implies f <w ¢, and
let h be such that f <w Th. Since Th <w tJ(h), we immediately obtain f <w h.

Finally, if f is co-total and f =w tJ(h), for some h, then f <y h, contradicting tJ(h) Lw h. O

In [5], several problems are proved to be co-total, including Cy and Coyn, hence we immediately
have the following result:

Corollary 3.22. The problems Cy and Con are not in ran(tJ). O

The next theorem leads to a sufficient condition for a function to be co-total. Let U :C NN — NN
be a fixed universal Turing functional. Let DIS: NY¥ = NN be the problem defined as

DIS(p) := {g e N" : U(p) # q}-

It is immediate from the definition that DIS is total. In fact, for every p € N¥, DIS(p) is either NN
(if U(p) 1) or N¥\ {U(p)}. The problem DIS was studied extensively in [2] and is one of the weakest
discontinuous problems.? In particular, DIS <w C, (see, e.g., [1, Prop. 5.10]).

Theorem 3.23 (with Arno Pauly). If DIS x g <w tJ(f), then g <w f.

Proof. Let ® and ¥ witness the reduction DIS x g <w tJ(f). Let U :C NN — NN be the universal
computable functional used in the definition of DIS. By the recursion theorem, there is a computable
p € NN such that U((p,)) is the first component of ¥(({p,z),z),0N). Consider the reduction
g <w tJ(f) where the forward functional is given by z — ®((p, ), z) and the backward functional
maps (x,y) to the second component of U (({p,x),x),y).

We claim that if 2 € dom(g), then tJ(f)(®((p,z),z)) # NN and so it does not fall in the
“otherwise” case. This implies that our reduction of g to tJ(f) actually is a Weihrauch reduction
of g to f. To prove the claim, note that if x € dom(g), then ({p,z),z) € dom(DIS x g). If ON €
tJ(f)(@({p,z), 7)), then U(({p,z),x),0N) must converge to an element (g,z) € DIS({p,z)) x g(x).
But DIS({p, z)) must be different from g, the first component of ¥(({p, x), x),0N). O

Corollary 3.24. If DIS x g <w g, then g is co-total and hence it is not in the range of tJ. (]

As mentioned, DIS is quite weak and hence being closed under parallel product with DIS is a
rather weak condition satisfied by many natural problems, like Cy, Con, lim, UCyn, and Cyw.

Proposition 3.25. DIS is not co-total.

Proof. Observe that DIS = T(DIS|y), where X := {p € NV : U(p) |}. To show that DIS is not
co-total, it is enough to show that DIS Zw DIS|y. This follows from the fact that DIS|, <w id:
indeed, for every p such that U(p) J, it is enough to consider ¢ := n — U(p)(n) + 1. O

Combining this result with Corollary 3.24, we immediately obtain:
Corollary 3.26. DIS x DIS £w DIS. O

Proposition 3.27. DIS is join-irreducible.

31n [2], it was shown that, under ZF + DC + AD, DIS is a strong minimal cover of id in the topological version of
Weihrauch reducibility. Such a result cannot be transferred to the (plain) Weihrauch degrees, as the cone above id is
dense in the Weihrauch degrees under ZFC [13].
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Proof. Without loss of generality, we can assume that U((e)"p) = ®.(p). Let e be such that
®.(0717p) = ®;(p) and ®.(0N) 1. Notice that DIS <w DIS|, where X := {z € NV : 2(0) = e} (it
is enough to map p to (€)"0?1"p, where i is an index of U).

We show that if DIS|y <w fo U fi, then DIS|y <w fo or DIS|, <w fi. If ® ¥ witness the
reduction DIS|y <w fo U f1 (in particular, for every input ¢ for DIS, ®(g) produces a pair (b, z)
with @ € dom(f)), then by continuity, there is k such that ®((e)”0%)(0) = b < 2. Observe that
we can uniformly map any z € X of the form (e)"071"p to (¢)"0"17p for some h > k such that
®,(p) = ®u(p). The reduction DIS| <w fp is therefore witnessed by the maps (e)"0/17p —
®((e)"0"17p)(1) and V. O

While being join-irreducible and not being co-total are necessary conditions for a Weihrauch
degree to be in the range of tJ, we will show in Corollary 4.8 that they are not sufficient, as DIS
is not equivalent to the tot-jump of any problem. In other words, the range of the tot-jump is a
proper subset of the set of total, non-co-total, join-irreducible degrees.

4 The jump of specific problems

In this section, we explicitly characterize the tot-jump of various well-known problems. Let us start
with a straightforward example.

Theorem 4.1. tJ(0)) =w id.

Proof. The proof is trivial as for every e,i,p, tJ(0)(e,i,p) = NV as there are no e,p such that
®.(p) € dom(P). Therefore, tJ(0) is total and uniformly computable, and hence equivalent to id. O

To characterize tJ(id), we first introduce the following problem.

Definition 4.2. Let us define X119 110 : NY = NN as

xng—mo (p) == {g € N : (3%n)(p(n) = 0) <= (Yn)(g(n) = 0)}.

Intuitively, xpg—,mo transforms a 19-question into a I19-question. An alternate form of XT19-5T19
was introduced by Neumann and Pauly [17], who defined

isFinites(p) := {g € NV : (3%°n)(p(n) = 1) <= (Vn)(¢(n) =0)}.
It is immediate that X191 =w isFiniteg.
Proposition 4.3. xmg_,m0 =w T(Wrg_10)-

Proof. For the left-to-right reduction, recall that, given p,q € NV, it is c.e. to check whether ¢ ¢
Wi mo(p). In particular, given p and ¢ € T(Wpg_,0)(p), we can uniformly compute ¢ € N
defined as t(n) :=0if g(n+1) > ¢g(n) and pog(n) =0, and ¢(n) := 1 otherwise. It is apparent that
t € Xm0 (p)-

Similarly, for the right-to-left reduction, given p € NN and ¢ € o ~mo(p), we can compute a
solution for T(Wy_,0)(p) as follows: Let g := (). For every n, if q(zﬁ = 0 for all i < n we check
if p(n) = 0. If it is, we define 0,41 := 0" (n), otherwise we let 0,11 := o,,. If instead ¢(i) > 0
for some i < n, we let 0,41 := 0,7 (0). It is straightforward to check that r := |J, 0, € NV is
uniformly computable from p and ¢ and that 7 € T(Wyg_,10)(p). O

Theorem 4.4. tJ(id) =w xmomo-
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Proof. For the left-to-right reduction, observe that tJ(id) can be written as follows:

Q’L’ ) ¢8 if (I)e ¢’L ’ (be )
id)en s, ) —  P Bel@) I Dl@) LA D0 () |
NN otherwise.
Since the domain of a computable functional is a I19-set, we can uniformly compute p € NV such
that
(F*°n)p(n) =0 <= D.(x) | ADi(x, Pe(x)) | .

Given ¢ € X910 (p), we are able to uniformly compute a solution for tJ(f)(e,,z) as follows: In
parallel, run @;(x, ®.(z)) and check whether there is n such that ¢(n) # 0. If no such n is found
then we are producing ®;(z, ®.(z)), which is the correct solution for tJ(f)(e,,x). Otherwise, it
means that tJ(f)(e,i,2) = NN, hence we can stop simulating ®;(z, ®.(z)) and continue the output
with ON.

For the right-to-left reduction, note that Wyo_,jjo <w id, so Theorem 3.3 and Proposition 4.3

. . 2 1

give us X9 =w T(Wmg o) <w tJ(id). O

With a more careful analysis, we can characterize the n-th tot-jump of id. Intuitively, we can
think of tJ"(id) as a problem capturing the following: You are allowed to ask n many X3-questions
serially. For every j < m, you can see in finite time if the answer to the j-th question is “yes” and
then you can ask the next question. However, if the j-th answer is “no”, then the procedure hangs
and it is impossible to see the answers of the remaining questions.

Theorem 4.5. For every p € NV, let AP := {k < n : (3%]) p(j) = k}. For every n > 0, let
gn: NN¥ = NN be defined as

( ) B {00’(0)10(1) . (m _ 1)U(m71)mN = Nm} Zf Ai 7§ Q] and m = min A?ﬂ
gn\p) ‘= {00(0)10(1) o (n _ 1)0’(n71)nN —_ Nn} if AZ — 0.

Then tJ"(id) =w gn-

Proof. By induction on n: The base case n = 1 is Theorem 4.4, as it is straightforward to see that
91 =w Xm9mo- For the induction step, it suffices to show that tJ(gn) =w gn1.

Let us first prove that tJ(gn) <w gn+1. Let (e,i,z) be an input for tJ(g,). For every k < n, we
can uniformly compute y; so that ran(yx) C {k,n + 1} and k occurs infinitely many times in yy, if
and only if

Bo(x)) Nk € A% A (Vo e NF) @;(2,0°@1°0) | (k —1)7G=DNy |

This can be done because the displayed formula is uniformly II9 in (e,i,2). Similarly, we can
uniformly compute y,, so that ran(y,) C {n,n+ 1} and n occurs infinitely many times in y,, if and
only if

D ()] A (%)) (Be(2)(§) = n) A (Vo € N™) &;(2,0° D170 (n —1)7=Dply |

Let y := (yo,...,Yn). We now claim that a solution for tJ(g,)(e,%,2) can be uniformly computed
from any z € gn41(y) as follows: We compute ®;(z,z) as long as z(j) < n. If 2(j) = n+ 1 for
some j, we stop the computation and continue the output with 0.

Let us now show that this procedure correctly produces a solution for tJ(g,)(e, i, x).

o If ®,(z) 1, then for every k < n, yj only has finitely many &’s. This implies that (V>°5) y(j) =
n+ 1, hence n + 1 € ran(z). The procedure produces an eventually null string, which is clearly a
valid solution as tJ(gn)(e, i, ) = NI,

15



o If®.(z) ] and A ™ = () then for every k < n and for almost all §, y, (j) = n+1; moreover, n
occurs infinitely many times in ¥, if and only if, for all ¢ € N”, ®;(z, 070170 | (n—1)7(r=DpN) ||
This, in turn, implies that if z € g,41(z) and n + 1 ¢ ran(z) then ®;(x, z) L€ tJ(gn)(e, i, x), while
otherwise tJ(g,)(e,4,2) = NY and the procedure computes an eventually null string.

« Tinally, assume that ®.(z) | and Ae*™® £ ¢. Let k := min A0 and notice that for every
k' < k we have (V*°j) yr (j) = n + 1. Moreover, y; has infinitely many & if and only if, for all
o € N, &;(2,0001°0) (b — 1)7*=DEN) | If y;, has infinitely many k, then we can just run
the computation ®;(z,2) for any 2z € g,41(y). Otherwise, tJ(g,)(e,i,2) = NN and the described
procedure is guaranteed to produce an infinite string (and therefore a valid solution).

Let us now show g,41 <w tJ(g,). Intuitively, the reduction works as follows: The forward
functional maps an input p for g,41 to (e, 4, p), where e is an index for the identity functional and ¢
is an index for the functional that, given (p, ¢), tries to produce a list of positions witnessing the fact
that ¢ € g,(p). More precisely, if ¢ is of the form 07017 (k—1)*=DEN for some ¢ € N<N and
some k < n, then ®;(p, ¢) produces a strictly increasing string such that for some strictly increasing
sequence (v;);en and for every j,

p(Pi(p,9)(4)) = q(vy).

This can be done iteratively as follows: At stage 0, search for wg, vy such that p(ug) = q(vo). At
stage j + 1, we search for u;y1 > w; and vj41 > v; such that p(uji1) = g(vj41). The sequence
(uj)jen is the output of ®;(p, q).

If instead ¢ is not of the form 0717 | (k — 1)7*=DEN for any o € N<N and any k < n, we
let ®;(p,q) 1

Given z € tJ(gn)(e,4,p), the backward functional ¥ is defined as ¥(p, z)(0) := min{p(z(0)),n}
and ¥(p, 2)(j+1) := p(2(j+1)) if p(2(j)) < p(2(j+1)) < nand z(j+1) > 2(j), and ¥(p, 2)(j +1) :=
n + 1 otherwise.

To conclude the proof we show that, for every z € tJ(g,)(e,i,p), U(p, z) correctly produces a
solution for g,41(p). Observe that if AP, # (0, then g,11(p) = gn(p). In particular, for every j,

V(p,2)(j) = p(2(5)) = p(®i(p, ¢) (7)) = q(vy)

for some ¢ € g,(p) and some strictly increasing (v;);en, and hence ¥(p, z) is a correct solution for
gn+1(p). On the other hand, if A? | = 0 then, for every t € g,(p), ®i(p,t) 7. This implies that
T(p, 2) is of the form 07171 o) (n + 1)N for some o, and therefore is a valid solution for
gn+1(p)- O

We now show that the set {tJ(f) : f <w id} is a proper subset of {h : tJ(0) <w h <w tJ(id)}.

Theorem 4.6. Let f <w tJ(id) and let X := {p € dom(f) : p is computable}. If id <w f|y, then
there is no h such that f =w tJ(h).

Proof. By Theorem 3.7, if tJ(h) =w f <w tJ(id) then h < id, i.e., h =w id|, for some A C NN
(as the lower cone of id is isomorphic to the dual of the Medvedev degrees, see, e.g., [9, Sec. 5]).
Notice that A (and therefore dom(h)) does not have any computable point, as otherwise h = id.

Assume f| <w tJ(h) via ®,¥. Let p € X be a computable input for f and let ®(p) = (e, i, ).
Observe that, since A has no computable point, ®.(z) ¢ A, hence tJ(h)(e,i, ) = N, This implies
that a reduction f|, <w tJ(h) would yield a reduction of f|y to the (uniformly computable)
constant map p — NV, contradicting f|y Zw id. O

—

Theorem 4.7. LPO <w tJ(id) <w tJ(id) =w lim.

Proof. Let p € NN be an input for LPO. By Theorem 4.4, we can use tJ(id) to compute ¢ € N such
that (Vn) ¢(n) = 0 if and only if (3n) p(n) > 0. It is then straightforward to see that we can find
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an answer for LPO(p) by unbounded search (either there is a non-zero element in ¢ or a non-zero
element in p). The fact that the reduction is strict follows from Theorem 4.6.

The second reduction is immediate and the reduction lim <yw ’J(-xl\) follows from the fact that
I_P/\O =w lim.

Given that lim is parallelizable, to prove that ’J(F) <w lim it suffices to show that tJ(id) <w lim.
To this end, we prove that XT19—119 SW lim, and the claim will follow from Theorem 4.4. Given
p € NV we can uniformly compute the converging sequence (g, )nen defined as ¢, (m) := 0 if there
is j such that m < j < n such that p(j) = 0, and ¢,(m) := 1 otherwise. Clearly, for each m,
lim;, 00 gn(m) = 0 if and only if there is some 0 in p after position m. Therefore, lim, o0 g, €

XT19—119 (p)-
Finally the fact that tJ(id) <w tJ(id) follows from the fact that every computable input for
tJ(id) =w T(an —>H[f) has a computable solution, while this is not the case for lim. O

Given that DIS <y LPO, combining Theorem 4.6 and Theorem 4.7 we obtain:

Corollary 4.8. The problems DIS and LPO are not Weihrauch-equivalent to any problem in the
range of tJ. O

Since we showed that DIS is total, non-co-total, and join-irreducible, we also obtain the following
corollary:

Corollary 4.9. The map tJ does not induce a surjective operator onto the total, mon-co-total,
join-irreducible degrees. (]

Next we show that no lower cone is closed under tot-jump, i.e., there are no tot-jump principal
ideals in the Weihrauch lattice.

Theorem 4.10. For every g # 0, there exists an f <w g such that tJ(f) Lw g.

Proof. If id £w g, then f := () has the desired properties, while if g =w id we can set f := id|
for any X without computable elements (in this case, § <w f <w id and we can use Theorem 3.7).
We can now assume that id <w ¢ and distinguish two cases.

The first one is when there exists gy with finite domain such that ¢ =w ¢o. In this case, we
claim that LPO £Lw g¢g. Granting the claim, f := id has the desired property by Theorem 4.7. To
prove the claim, assume that ® and ¥ witness LPO <w go. Then, since every point in dom(go) is
isolated, there are z € dom(gg) and kg such that for every x J 0%, ®(x) = 2. Besides, there is
ki > ko such that for some y € go(z), ¥(0*',4)(0) = 0. In particular, the string 0%* 1Y witnesses
the fact that ® and ¥ do not witness the Weihrauch reduction.

Assume now that g is not Weihrauch equivalent to any problem with finite domain. We want
to define f such that f <w ¢ and tJ(f) €w g. To this end, we define a scrambling function
€ :C dom(g) — N. The desired f will be defined as f(x,&(z)) := g(x), with dom(f) := {(z,n) €
dom(g) x N : £(z) = n}. Notice that, no matter which & we choose, f <w g.

To define ¢ we define a sequence (&s)sen of functions with finite domain, starting with &y := 0.

At stage s+1 = 2(e, i) + 1, we satisfy the requirement “g Lw f via ®., ®;”. To do so, we choose
(in a noneffective way) some x € dom(g) such that one of the following conditions holds:

° (I)€$T;

(z)
®.(x) produces the pair (y,n) with y ¢ dom(g) or &(y) J# n;

o ®.(x) produces the pair (y,n) and there is ¢ € g(y) such that ®,(z,q) ¢ g(x);

o ()

«(x) produces the pair (y,n) with &(y) 1.
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Such an z must exist, as otherwise ®, and ®; witness g =w fs, where fs(z,£(z)) := g(x) with
dom(fs) := {(x,n) : &(x) J= n}, contradicting the fact that g is not Weihrauch equivalent to
any problem with finite domain. In the first three cases, there is nothing to do, and we just define
Es+1 := &s. In the last case, we let €541 := & U {(y,n+ 1)}.

At stage s + 1 = 2(e,i) + 2, we satisfy the requirement “tJ(f) Zw ¢ via ®.,®;”. Let £ be
an arbitrary computable extension of & and let f := (w,é (x)) — g(x). Clearly f =w g, hence
tJ(f) =w tJ(g) £w g. In particular, there are é,7, & witnessing tJ(f) Lw g via &, ®;, ie., if
®s(%) L€ dom(f) and, letting (7,7) be the pair produced by ®4(Z), for every q € f(7,7) = g(3),
®;(Z,q) |, then there is ¢ € f(7,7n) such that ®.((¢,7,%),q) ¢ tJ(f). Since £ is an extension of &,,
if £,(%) | then &(%) = £(Z) = 7. In this case, or if ®s(&) 1, then there is nothing to do, and we set
€ep1 = &. Otherwise, let &1 := & U {(#,7)}. Observe that indeed, for every extension & of &,
such that £(#) = @1, the input (é,7, #) witnesses tJ((z,£(x)) — g(z)) £w g via O, ®;.

The desired scrambling function is the map £ := [, §s. Since all the requirements are satisfied,
the above-defined function f satisfies f <w ¢ and tJ(f) €w ¢, which concludes the proof. O

In light of Theorem 4.7, a natural question is how tJ(id) compares with Cy (as lim =w &;) By
Theorem 3.21, as Cy is co-total, Cy <w tJ(id) would imply that Cy <w id, which is a contradiction.
On the other hand, tJ(id) €w Cy. In fact, we have a slightly stronger result (as Cy <w TCy by
[17, Prop. 24]).

Proposition 4.11. tJ(id) €w TCy.

Proof. We use the fact that tJ(id) =w xngmo (Theorem 4.4). As mentioned above, X190 =w
isFinites. But Neumann and Pauly proved that isFinites £w TCy [17, Prop. 24(5)].

The following result is folklore.

Lemma 4.12. TCy is a fractal, i.e., for every o0 € N<N, TCy is Weihrauch equivalent to its
restriction to X, == {p € NY : o C p}.

Proof. Fix o € N<N. To prove that TCy <w TCuly, let m := maxran(c). We can uniformly map
p €NV to
4= 07 (Lo, m)(p(0) + 1, p(1) + ...

Clearly, ¢ € X, and for every n € TCy(q), max{n —m,0} € TCx(p). O
Theorem 4.13. There is no f such that TCy =w tJ(f).

Proof. Observe first of all that TCy <w tJ(Cy). Indeed, the reduction follows by Theorem 3.3, while
the fact that the reduction is strict follows from the fact that tJ(id) £w TCy (Proposition 4.11)
whereas tJ(id) <w tJ(Cy) (by the monotonicity of the tot-jump).

This also implies that if tJ(f) <w TCy then f <w Cy. To conclude the proof, it is enough to
show that if TCy <w tJ(f) then Cy <w f

Assume now that the reduction TCy <w tJ(f) is witnessed by the functionals ®, ¥. Consider
the input ON for TCy. By continuity, there are & € N and ¢ € N* such that, for some m € N,
¥ (0%,5)(0) 4= m. Let ¢ € N¥ be an input for Cy such that 0¥ (m + 1) C ¢. Let also ®(q) = (e, 4, ),
which is an input of tJ(f). By definition of Weihrauch reduction, ®.(z) € dom(f) and, for every
y € f(Pe(x)), ®i(z,y) € tI(f)(P(q)) (as otherwise o would be the initial segment of a solution for
tJ(f)(®(q)), hence ¥ would not produce a valid answer for TCx(g)). This implies that

{U(g, ®i(w,y)) : y € f(Pe(x))} € TCuilq) = Cn(g),

where (e,4,2) are uniformly computable from ¢. Since Cy is a fractal (by the same proof as
Lemma 4.12 or see [6, Fact 3.2(1)]), Cy is Weihrauch equivalent to its restriction to {p € NN :
07 (m+1) C p}.
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In other words, the reduction TCy <w tJ(f) yields a reduction Cy <w f, which concludes the
proof. O

Notice that the above argument does not necessarily yield a reduction TCy <w f, as tJ(f) is
still allowed to go in the “otherwise” case when every n > 0 is in ran(q).

Remark 4.14. Notice that TCy is another witness for Corollary 4.9. Indeed, it is total (trivially),
a fractal (by Lemma 4.12), and not in the range of tJ (by Theorem 4.13). Every fractal is join-
irreducible (see [7, Prop. 4.11]), so all that is left is to show that TCy is not co-total. If it were,
then TCy <w TCy would imply that TCx <w Cp, but we have already noted that Cy <w TCy.

Theorem 4.15. tJ(Cy) =w T(Cn x Wg_,mo).

Proof. In light of Theorem 3.3 and of the uniform computability of W90, it suffices to show that
tJ(Cn) <w T(Cy x Wi _,qr0). Given the input (e, i,p) for tJ(Cn), let ¢ € NN be such that ¢ has
infinitely many zeroes iff

(Vn)[ (Vi) (®e(p)(4) #n+1) = @i(p,n) L]

In other words, ¢ has infinitely many zeroes iff ®;(p,n) | whenever n is not enumerated by ®(p).
Moreover, let € be such that ®;(p) works by simulating ®.(p) and padding the output with zeroes
(this ensures that ®; is total and Cy(®P.(p)) = Cn(Ps(p)) whenever ®.(p) J).

The forward functional of the reduction tJ(Cy) <w T(Cy X Wrgg ;o) is then given by the map
(67 va) = ((I)é(p)a q)

Given (n,t) € T(Cy X Wrg_,110)(®z(p), ¢), we uniformly compute a solution for tJ(Cy)(e, i,p) as
follows: We run ®;(p,n) until we either see that n+ 1 € ran(®(p)) or we see that ¢ € W _,0(q)
(both conditions are c.e.). If this never happens, we know that n is a valid solution for Cy(®z(p))
and ®;(p,n) |. Otherwise, it means that tJ(Cy)(e,, p) = NY, hence we can just continue the output
with ON. (|

Unlike Cy;, the fact that 2" is computably compact implies that Con =w TCon (see, e.g., [5, Prop.
6.1]). However, a characterization similar to the one for the tot-jump of Cy holds for Con.

Theorem 4.16. tJ(Cyv) =w T(Con X Wio_pp0).

Proof. As above, it suffices to show that tJ(Con) <y T(Con X an_m(l)). Let (e,,p) be an input for
tJ(Cyn). Let S C 2<N be a tree such that

[S] = {z € 2" : (Vn)[ @e(p)((z[n])) 1= Pe(p)((z[n])) = 1]}.

Observe that a tree S as above can be uniformly computed from e, p (as the formula defining [S]
is II{ with parameters e,p) and that, if ®.(p) is the characteristic function of a subtree of 2<N,
then [S] = [®.(p)]. Moreover, S is well-defined, even if ®.(p) does not converge or it is not the
characteristic function of a tree. To compute an input ¢ € NV for an_,ng, we first observe that
the set

Acip={ye2" : ®.(p) 1
V (31 €25¥)(30 E7)[ @e(p)((7)) = 1A Bc(p)({0)) = 0]
[ (Vn)[ @c(p)((y[n])) 1= @c(p)((y[n])) = 1]
A (3n) ®i(p,y)(n) 11}

is defined by a X.9-formula with parameters e,4,p. Intuitively, the first two rows of the definition
capture “®,(p) is not the characteristic function of a subtree of 2<N” while the last two rows can be
read as “y € [®.(p)] and ®;(p,y) 1”. The third row could have been written as “(Vn)(®.(p)((y[n])) =
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1)”. This is (in general) a I19 statement, but it can be equivalently rewritten in a I1{-way in light of
the first row.

Since the projection of a $9-set over a computably compact set is 39 (see, e.g., [15, Lemma 3.9])
and that checking if a subtree of 2<N is ill-founded is a II9-problem, this implies that the statement

“®,(p) is an ill-founded subtree of 2<N and ~(Jy € 2") y € Ao,

is T1. Therefore, we can uniformly compute a string ¢ € NY such that ¢ has infinitely many zeroes
iff the above formula holds.

The forward functional of the reduction is the map that sends (e,4,p) to (S,q). The back-
ward functional ¥ is the map that works as follows: given e,i,p and a solution (z,t) for T(Con X
Wig_,mo) (S, ), ¥ outputs ®;(p, 2) as long as ¢ appears to belong to Wg_,jo(g). As soon as an
error is found, ¥ extends the partial output with 0.

It is immediate from the definition of ¢ that an error is found only if ®.(p) does not define an
ill-founded subtree of 2<N or if there is y € [®(p)] such that ®;(p, y) 1. In this case, tJ(Con)(e, i,p) =
NN, hence the computed string is a valid solution. On the other hand, if an error is never found, then
z € [S] = [Pe(p)] and ¥((e,i,p), (2, t)) = ®i(p, z) € tJ(Can)(e, i, p), which concludes the proof. O

We conclude this section by showing that, as a consequence of Corollary 3.13, the tot-jump of
each of the problems lim, Iim["]7 UCyw, and Cywr is the respective total continuation.

Theorem 4.17. For every n > 1, tJ(lim™) =y T(lim™).

Proof. Let us first prove the theorem for n = 1. Let P be the family of all problems f such that
there is a total computable ® such that, for every e,i € N and every p € NV, if ®.(p) € dom(f) and

(Vg € f®c(p)) ®i(p,q) {, then
®(c,i,p) € dom(f) and f&(e,i,p) C{Pi(p,q) : g € fPe(p)}-

By Corollary 3.13 (with ¥ the projection on the second coordinate), for every f € P, tJ(f) =w T/,
so it is enough to show that lim € P. Let ® be the map that, upon input e, i, p, computes the
sequence (Z,)nen defined as follows: We read the output of ®.(p) as (an initial segment of) the
join of countably many strings {go,q1,...). Formally, if o, is the string produced by ®.(p) in n
steps, we define k,, := max{j : (j,0) < |o,|} and, for every j < kj,, define 7, ;(m) := o, ({j, m))
for all m with (j,m) < |o,|. With this definition, for every j < ky, 7,,; C ¢;. We can uniformly
compute the string y € NY defined as y,(m) := 7, ;(m) for the largest j such that (j,m) < |o,]|,
and y,(m) := 0 if no such j exists. Observe that, if (g, )nen converges, then so does (y,)nen and
limy, o0 Y = limy, o0 qn. We define

Ty ‘= (I)i,n (p7 yn)AONv

where ®; ,,(p, t) denotes the output produced by ®;(p,t) in n steps. Clearly, the map ® is total and
computable.

Assume that ®.(p) produces the sequence (¢;)jen € dom(lim) and that ®;(p,q) |, where ¢ :=
limy, o0 ¢n- By the continuity of ®;, we immediately obtain

n—oo

lim 2, = @; (p, lim y,) =, (p, lim g, ) = @(plim . (p)),
n—o00 n—o0

which shows that lim € P.

The general case follows by induction on n, as the class P is closed under composition and
lim o lim =gw lim x lim (by [6, Example 4.4(1)] and the fact that lim is a cylinder). To prove that P
is closed under composition, we can use f € P first and g € P later, to conclude that fg € P.

More precisely, let f,g € P and let F and G be the total computable witnesses. Fix e, € N
and p € NY such that ®.(p) € dom(fg) (i.e. (p) € dom(g) and g(®.(p)) C dom(f)) and (Vq €
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fg®.(p)) ®:(p,q) . Let ,7 € N be such that ®z({a,b)) = b and ®;({a,b),c) = ®;(a,c). Observe
that
{2i(p,q) : g€ fg®p)} = |J {®:(p.1),q) = q € FOa((p,t))}-
teg®P.(p)
By the choice of F, for every t € g ®.(p) C dom(f) (which implies that ®z((p,t)) € dom(f) and
(Vg € f@e((p, 1)) Pa((p;t), q) 1),

0# fF@ 7, (p, 1) S {P:((p1),q) : q € fRe((p,1))}
={®i(p,q) - g€ fF(D)}.
In other words, letting j be such that ®;(p,t) := F(e,7, (p,t)), we obtain

f{@i(p,1) : t € gPe(p)}) € {Pip,q) : q € fgPe(p)}-
To conclude the proof, note that by the choice of G, we have

0# gGle,j;p) S{®;(p,t) : t € gPe(p)}
In particular, the map (e, ,p) — G(e, 7, p) witnesses the fact that fog € P. O
Theorem 4.18. tJ(UCy) =w TUCw and tJ(Cyw) =w T Cyy.

Proof. We only show that tJ(Cy) =w TCyw, as (with minor modifications) the same proof works
for UCyw.

As in the previous proof, we show that Cyn satisfies the assumptions of Corollary 3.13, namely,
there are two total computable functionals ® and ¥ such that, for every e,i € N and every
p € NV if ®.(p) € dom(Cyn) and (Vz € [®.(p)]) ®i(p,x) |, then ®(e,i,p) € dom(Cyv) and
U((e,i,p), [®le,i,p)]) C {Pi(p,z) : = € [Pe(p)]}. Let ® be the map that sends (e,i,p) to (the
characteristic function of) a tree T'C N<N such that

[T]={(z.y) : x € [®c(p)] and i(p, z) T y}.
As the set above is uniformly I19 in (e,i,p), a tree T as above can be uniformly computed from
(e,i,p). Let W= ((e,4,p), (z,y)) = y.
To conclude the proof, notice that if ®.(p) € dom(Cyrv) and @;(p,x) | for every z € [®e(p)],
then T is ill-founded and, for every (z,y) € [T], U((e,4,p), (z,y)) =y € {Pi(p,q) : ¢ € fPc(p)}. O

5 Remarks on abstract jump operators

In this paper, we introduce and study a natural jump operator on the Weihrauch lattice, a natural
partial order. The remarks in this section address a much more abstract question: under what
conditions do arbitrary partial orders admit a jump operator in the sense of Definition 1.17 We
show that, without additional structure, admitting a jump is not a first-order property.

We mentioned in the introduction that the existence of an abstract jump operator is easy to
see in any upper semilattice without maximum (using the Axiom of Choice). This result can be
extended to countable upper directed partial orders (i.e., partial orders such that any finite number
of elements have a common upper bound) without maximum. Indeed, any such partial order (P, <)
admits a strictly increasing cofinal chain (g, )nen. This can be easily shown by letting (py,)nen be
an enumeration of P and defining qg := po and g,+1 := pm, Where m is least such that ¢,, < p,,. The
existence of a jump operator follows from the fact that every partial order with a strictly increasing
cofinal chain admits a jump operator (it is enough to map every element of the poset to the first
element in the sequence that is strictly above it).

We mention that the same strategy cannot be used to obtain the existence of a jump operator
on the Weihrauch degrees. Indeed, the third and fifth author will show in an upcoming paper that
no chain in the Weihrauch degrees can be cofinal.
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Remark 5.1. There is an upper directed partial order with no maximum and size N; that does
not admit a jump operator, which implies that the above observation cannot be generalized to
larger partial orders. To show this, let (Q, <) be w; ordered as an antichain (each element is only
comparable with itself). Let also (R, <g) be the partial order of all non-empty finite subsets of w;
ordered by inclusion. Let P be the union of Q and R, where <p is defined as the transitive closure
of

<QU<rU{(a;{7}) s a <}

Assume towards a contradiction that P admits a jump operator j. Observe now that, for a
fixed o, j(«) is a non-empty finite set of ordinals such that at least one is > «. Let S € j(«) be
such that o < 8. In particular, for every v > «, we have a <p {7y} and hence j(a) <p j({7}), i-e.,
B e jla) € j({r})

Define an increasing sequence (v, )nen of countable ordinals as follows: g := 0 and, for every n,
Q1 = max j(ay,) + 1. For every n, let §8,, € j(a,) be such that a,, < ,,. In particular, we obtain

ag<Bo<ar <By...,

which implies that all the 5, are distinct.
By the above observation, for every v > sup, ¢y o, and every n, 3, € j({v}), hence j({7}) is
infinite, which is a contradiction with j({v}) € P.

Finally, we consider the case of arbitrary countable partial orders (without a maximum). We
show that the existence of a jump operator is as complicated as its naive definition suggests: it is
Y1-complete.

Theorem 5.2. There is a computable map F: LO — POy from the family of countable linear orders
to the family of countable partial orders without mazimum (where we represent a linear/partial order
using its characteristic function) such that

L is dll-founded <= F(L) admits a jump operator.

Proof. To show this, let (X, <x) be the partial order defined as X := 2 x w and (i,n) <x (j,m)
iff i = j and n < m. Intuitively, X consists of two incomparable copies of w. We define F(L) :=
14> e« X, where L* is L with the order reversed. We order F'(L) as expected: in particular, every
element of a given term is less than every element of the later terms. For the sake of readability, we
write X, := {(i,n); : i € 2 and n € w} for the x-th copy of X in F(L). Let also L be the minimum
of F(L).

Assume that L is ill-founded and let (zx)ren be an infinite descending sequence (i.e., an infinite
ascending sequence in L*). We can define a jump function j on F'(L) as follows:

o G(L) = (0,0)ay;

o for every (i,n),; such that  <p- xo, let 5((¢,n)z) := (0,0)z,;

o for every (i,n), such that xp <p+ x <p+ Tit1, let j((4,7)z) = (0,0)z,,;

o for every (i,m), such that xp <p« x for every k, let j((¢,n)z) := (i,n + 1),.

It is immediate from the definition that j is strictly increasing. Proving that j is weakly monotone
is also easy.

Conversely, if F(L) admits a jump operator j, then we can define an ascending sequence in L*
(i.e., a descending sequence in L witnessing the fact that L is ill-founded) as follows: We let g be
such that j(L) = (0, o), for some ig, ng. To define a1, observe that, by the weak monotonicity of j,
we have j((1 —10,70)z,) >r(r) J(L) = (40,70)z- This, in combination with j((1 —i0,70)z,) > (1)
(1 —40,m0)z,, implies that j((1 — i9,m0)z,) = (i1,M1)s, for some i1,ny with £ >« zo. We can
iterate this argument to obtain the desired strictly increasing sequence in L*. (|
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This shows that the set of partial orders without maximum admitting a jump operator is a
non-Borel ¥}-subset of the set of countable partial orders. In particular, the existence of a jump
operator for countable partial orders without maximum cannot be characterized by an arithmetic
formula. It would be interesting to obtain a similar result for non-countable partial orders. This
would require a detour into the realm of generalized descriptive set theory, and it is possible that
additional set-theoretic axioms (for example, on the size of the continuum) would be needed.

6 Open Questions

We mentioned in Section 3 that the tot-jump of f can be defined via a Al-formula using f as a
parameter. Moreover, we showed that no jump operator on computational problems can be defined
using a E}’f -formula (Remark 3.6). This leaves a gap, and therefore it is natural to ask the following
question:

Open Question 6.1. Is there a H%"f—deﬁnition for the tot-jump? More generally, is it possible to
define a jump operator on the Weihrauch degrees using a H}’f -formula?

Despite our efforts, we could not obtain a satisfactory characterization for ran(tJ). A better
characterization is especially desirable in light of Theorem 3.7, as that would give us a description
of a sublattice of the Weihrauch degrees which is isomorphic to the full structure.

Open Question 6.2. Find a “natural” characterization for ran(tJ). Is tJ definable in the Weihrauch
degrees?

While the “natural” condition is of course vague and informal, a satisfactory answer would allow
us to promptly tell whether a given f is in the range of the tot-jump. To this end, a powerful result
is provided by Theorem 3.23, and especially by Corollary 3.24. As proved, closure under product
with DIS is a sufficient condition for co-totality, and we showed that a co-total problem f can be
Weihrauch-reducible to tJ(g) only in the trivial case f <y g¢. This raises the following question:

Open Question 6.3. Does closure under product with DIS characterize co-totality?

We also showed that the range of tJ is a (proper) subset of the join-irreducible degrees (Theorem 3.15
and Corollary 4.9). This allowed us to show that the tot-jump of f and g distributes over the join
of f and g only when f and g are comparable. On the other hand, we do not know whether the same
holds for the meet: While Proposition 3.19 shows that, in general, the jump does not distribute over
the meet, we do not know whether this is always the case when f and g are not comparable.

Open Question 6.4. Are there f and g such that f |w g but tJ(f) Ntl(g) =w tJ(f M g)?

References

[1] Brattka, Vasco, Stashing and Parallelization Pentagons, Logical Methods in Computer Science
17 (2021), no. 4, 20:1-20:29, doi:10.46298 /LMCS-17(4:20)2021. MR, 4353954

2] , The discontinuity problem, The Journal of Symbolic Logic 88 (2023), no. 3, 1191-1212,

d0i:10.1017/js1.2021.106. MR, 4636630

[3] Brattka, Vasco, de Brecht, Matthew, and Pauly, Arno, Closed choice and a Uniform
Low Basis Theorem, Annals of Pure and Applied Logic 163 (2012), no. 8, 986-1008,
doi:10.1016/j.apal.2011.12.020. MR, 2915694

23


https://doi.org/10.46298/LMCS-17(4:20)2021
https://doi.org/10.1017/jsl.2021.106
https://doi.org/10.1016/j.apal.2011.12.020

[4]

Brattka, Vasco and Gherardi, Guido, Weihrauch degrees, ommniscience principles and
weak computability, The Journal of Symbolic Logic 76 (2011), no. 1, 143-176,
doi:10.2178/js1/1294170993. MR 2791341

, Completion of Choice, Annals of Pure and Applied Logic 172 (2021), no. 3, 102914,
doi:10.1016/j.apal.2020.102914. MR, 4172770

Brattka, Vasco, Gherardi, Guido, and Marcone, Alberto, The Bolzano- Weierstrass Theorem
is the jump of Weak Konig’s Lemma, Annals of Pure and Applied Logic 163 (2012), no. 6,
623-655, doi:10.1016/j.apal.2011.10.006. MR 3650357

Brattka, Vasco, Gherardi, Guido, and Pauly, Arno, Weihrauch Complexity in Computable Anal-
ysis, Handbook of Computability and Complexity in Analysis (Brattka, Vasco and Hertling,
Peter, eds.), Springer International Publishing, Jul 2021, doi:10.1007/978-3-030-59234-9 11,
pp. 367-417. MR 4300761

Brattka, Vasco and Pauly, Arno, On the algebraic structure of Weihrauch degrees, Logical
Methods in Computer Science 14 (2018), no. 4, 1-36, doi:10.23638/LMCS-14(4:4)2018. MR
3868998

Higuchi, Kojiro and Pauly, Arno, The degree structure of Weihrauch reducibility, Logical Meth-
ods in Computer Science 9 (2013), no. 2:02, 1-17, doi:10.2168 /LMCS-9(2:02)2013. MR 3045629

Hinman, Peter G., A survey of Mucnik and Medvedev degrees, The Bulletin of Symbolic Logic
18 (2012), no. 2, 161-229. MR 2931672

Hinman, Peter G. and Slaman, Theodore A., Jump embeddings in the Turing degrees, The
Journal of Symbolic Logic 56 (1991), no. 2, 563-591, doi:10.2307/2274700. MR, 1133085

Kihara, Takayuki, Marcone, Alberto, and Pauly, Arno, Searching for an analogue of AT Ry
in the Weihrauch lattice, The Journal of Symbolic Logic 85 (2020), no. 3, 1006-1043,
doi:10.1017/js1.2020.12. MR 4231614

Lempp, Steffen, Miller, Joseph S., Pauly, Arno, Soskova, Mariya I., and Valenti,
Manlio, Minimal covers in the Weihrauch degrees, Submitted, 2023, available at
https://arxiv.org/abs/2311.12676.

Lerman, Manuel, A framework for priority arqguments, Lecture Notes in Logic, vol. 34, As-
sociation for Symbolic Logic, La Jolla, CA; Cambridge University Press, Cambridge, 2010,
doi:10.1017/CB0O9780511750779. MR, 2641093

Marcone, Alberto and Valenti, Manlio, Effective aspects of Hausdorff and Fourier dimension,
Computability 11 (2022), no. 3-4, 299-333, doi:10.3233/COM-210372. MR 4532994

Montalbéan, Antonio, Embedding Jump Upper Semilattices into the Turing Degrees, The Journal
of Symbolic Logic 68 (2003), no. 3, 989-1014, doi:10.2178/js1/1058448451. MR, 2000490

Neumann, Eike and Pauly, Arno, A topological view on algebraic computation models, Journal

of Complexity 44 (2018), 1-22, doi:10.1016/j.jc0.2017.08.003. MR 3724808

Westrick, Linda Brown, A note on the diamond operator, Computability 10 (2021), no. 2,
107-110, doi:10.3233/COM-20029. MR 4246716

24


https://doi.org/10.2178/jsl/1294170993
https://doi.org/10.1016/j.apal.2020.102914
https://doi.org/10.1016/j.apal.2011.10.006
https://doi.org/10.1007/978-3-030-59234-9_11
https://doi.org/10.23638/LMCS-14(4:4)2018
https://doi.org/10.2168/LMCS-9(2:02)2013
https://doi.org/10.2307/2274700
https://doi.org/10.1017/jsl.2020.12
https://arxiv.org/abs/2311.12676
https://doi.org/10.1017/CBO9780511750779
https://doi.org/10.3233/COM-210372
https://doi.org/10.2178/jsl/1058448451
https://doi.org/10.1016/j.jco.2017.08.003
https://doi.org/10.3233/COM-20029

Uri Andrews
Department of Mathematics, University of Wisconsin - Madison, Madison, Wisconsin 53706, USA
Email address: andrews@math.wisc.edu

Steffen Lempp
Department of Mathematics, University of Wisconsin - Madison, Madison, Wisconsin 53706, USA
Email address: lempp@math.wisc.edu

Alberto Marcone
Dipartimento di Scienze Matematiche, Informatiche e Fisiche, Universia di Udine, 33100 Udine, Italy
Email address: alberto.marcone@uniud.it

Joseph S. Miller
Department of Mathematics, University of Wisconsin - Madison, Madison, Wisconsin 53706, USA
Email address: jmiller@math.wisc.edu

Manlio Valenti

Department of Mathematics, University of Wisconsin - Madison, Madison, Wisconsin 53706, USA
Current address: Department of Computer Science, Swansea University, Swansea, SA1 8EN, UK
Email address: manliovalenti@gmail.com

25


mailto:andrews@math.wisc.edu
mailto:lempp@math.wisc.edu
mailto:alberto.marcone@uniud.it
mailto:jmiller@math.wisc.edu
mailto:manliovalenti@gmail.com

	Introduction
	Background
	The totalizing jump
	The jump of specific problems
	Remarks on abstract jump operators
	Open Questions

