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Abstract

We investigate central questions in complexity theory through the lens of time-bounded Kolmogorov
complexity, focusing on nondeterministic measures [AKRRO3] and their extensions. In more detail, we
consider succinct encodings of a string by programs that may be nondeterministic (nK), randomized
(rK), or combine both resources — yielding richer notions such as rnK, pnK, and their generalizations
to higher levels of the polynomial hierarchy. Among other contributions, we obtain the following results:

1. Unconditional Complexity Lower Bounds. Let Rk:[s(n)] denote the set of strings x such that
nKt(z) > s(|z|). We show that Roke,.n; € NTIME[2°(M] N coNTIME[2°(™)], for every constant
1/2 < v < 1. For the problem of estimating rnKt complexity, the randomized extension of nKt, we
establish lower bounds against AMTIME[nP°Y'°¢(")] and SIZE[nPo¥'°e(")], These results can be seen
as a significant strengthening of the 15-year old lower bound Rkijo(n) ¢ NP N coNP obtained in
[All10, AKRR11], and are among the strongest known unconditional lower bounds in meta-complexity.

2. Proof Complexity and Symmetry of Information. [HIL*23, HLO24] showed that cryptographic
one-way functions exist if and only if the symmetry of information (Sol) principle fails on average for
pKt complexity. In contrast, we establish that Sol holds on average in the presence of nondeterminism,
i.e., pnKt(z,y) ~ pnKt(y) + pnKt(z | y) with high probability if (x,y) is generated by a polynomial-
time sampler. On the other hand, we prove that if Sol holds in the worst case for pnKt complexity then
coNP ¢ AM. In particular, bridging the gap between average-case and worst-case Sol for pnKt would
imply that certain coNP statements do not admit feasible proofs.

3. Average-Case vs Worst-Case Complexity. We consider the longstanding problem of relating the
average-case and worst-case complexities of the polynomial hierarchy (PH), i.e., showing that DistPH C
AvgBPP =— PH C BPP. Building on [Hir20, HLO25], we prove that this implication holds if and
only if Gap-MINpKT™H € prBPP = Mild-Gap-MINpKT"" & prBPP, i.e., the complexities of
approximating pK® with an oracle to PH with respect to different approximation regimes are related.
Consequently, progress on the meta-complexity of nondeterministic variants of Kolmogorov complexity
is unavoidable in order to understand the average-case complexity of the polynomial hierarchy.

These results reveal deep links between complexity theory and nondeterministic Kolmogorov com-
plexity, pointing to several directions for further research.
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1 Introduction

1.1 Overview

Over the last decade, several fundamental problems from algorithms and complexity theory have been
investigated through the lens of (time-bounded) Kolmogorov complexity and meta-complexity. Significant
and influential advances have occurred in areas such as learning theory [CIKK16], cryptography [LP20],
and average-case complexity [Hir21]. In some cases, such as [Hir21] and subsequent work [GKLO22],
although the result itself is not about Kolmogorov complexity, the only known proof technique uses Kol-
mogorov complexity in an essential way. We refer to the surveys [LO22, Hir22a, MP25] for more context
and background.

These and other developments have led to a renewed interest in time-bounded Kolmogorov complexity,
meta-complexity, and their applications in theoretical computer science (see, e.g., [Sim23]). An important
perspective explored in many results, specially in the last few years, has been the use of extensions of the
classical theory of time-bounded Kolmogorov complexity to more powerful computational settings, such as
probabilistic Kolmogorov complexity [GKLO22, LO22]. Indeed, many if not most results in the area from
the last few years employ probabilistic variants of Kolmogorov complexity (see, e.g., [11a23, San23, HIL 23,
HN23, LP23, Hir23, GK23, HLO24, HLN24, L.S24, HKLO24, GK24, LORS24, HN25, KK25, LP25]).

In this work, we advance this approach by further developing the theory of nondeterministic Kolmogorov
complexity. Building on and extending previous work [AKRRO3, BLVvMO05, All10, AKRR11, HLO25], we
demonstrate its relevance to several central problems in complexity theory. Specifically, our contributions
span three fundamental areas: unconditional complexity lower bounds, NP versus coNP and related sep-
arations, and the average-case complexity of the polynomial hierarchy. In each of these, we show that
nondeterministic Kolmogorov complexity and its extensions offer a productive — and in some contexts,
unavoidable — perspective on long-standing challenges in complexity theory.

Next, we explain our results in detail.

1.2 Results
1.2.1 Unconditional Complexity Lower Bounds for Estimating Complexity

We will consider certain natural extensions of Levin’s Kt complexity [Lev84] to the setting of non-
deterministic computations [AKRR11]. As usual, in order to define time-bounded notions of Kolmogorov
complexity, we fix a time-efficient universal machine U, and consider programs II encoded with respect to
U (see Section 2).

For a string z € {0, 1}", the nondeterministic time-bounded Kolmogorov complexity of z is defined as

Kt(z) £ i | + [logt
nKt(z) He{ggl}97teN{l |+ [log t]

Yw € {0,1}",TI(w) outputs 2 or L in ¢ steps;
Jw € {0, 1}, TI(w) outputs z in ¢ steps '

In other words, by viewing w as a nondeterministic string, in at least one computational path, the program
II outputs z, while in every computational path, II outputs either = or the failure symbol L. For this
reason, the program II uniquely specifies x. In addition, x can be recovered from II in time at most ¢ using
nondeterminism.

Lower bounds for nKt. Let MnKtP be the following problem: Given (z,1%), where x € {0,1}" and
s € N, decide whether nKt(z) < s (“yes” case) or nKt(z) > s (“no” case). Moreover, for s: N — N, we
let Rokefs) = {7 € {0,1}" | nKt(z) > s(|z[)}. We say that a language L is dense if there is a positive
constant b such that, for every large enough n, we have |L N {0,1}"| > 27 /nb.



Theorem 1.1 (Complexity Lower Bounds for Estimating nKt). There is a constant € > 0 such that
MnKtP ¢ NTIME[2°"] N coNTIME[2°"].

Moreover, given a constant 1/2 < ~y < 1, there exists € = £(y) > 0 such that, for every dense language
L C Roktfyn], we have L ¢ NTIME[2°""] N coNTIME[2°"].

It was previously known that MnKtP ¢ NPNcoNP [Al110, AKRR11]. In contrast, Theorem 1.1 provides
an exponential lower bound on the complexity of MnKtP. More generally, it shows that distinguishing
strings of bounded complexity (“structure”) from random strings (‘“randomness”) is hard.

We observe that, in order to obtain a lower bound of the form 2°4) for R . [y-n]» OUr techniques require
assuming v > 1/2; see Section 4.1.5 for details. Establishing lower bounds of magnitude 282(n) for Ruktfyn]
when 0 < v < 1/2 remains an open problem.

Since MnKtP € PNEXP C NEXP/poly and every language in NEXP non-uniformly reduces to MnKtP
[AKRRI11], it follows that MnKtP ¢ SIZE[poly] if and only if NEXP ¢ SIZE[poly]. In particular, a
breakthrough complexity separation would follow if we could show that MnKtP ¢ SIZE[poly]. While we
currently don’t know how to prove the required lower bound for MnKtP, we are able to establish such a
lower bound for the related problem of estimating rnKt, the randomized extension of nKt.

For a string z € {0, 1}*, the randomized nondeterministic time-bounded Kolmogorov complexity of x is

defined as
2
> — 5.
> 3}

Equivalently, there exists a nondeterministic program II(r) such that, with probability at least 2/3 over r,
I1(r) uniquely specifies « and enables its recovery in nondeterministic time at most ¢.

vw € {0,1}, II(w; ) outputs z or L in ¢ steps;

mKt(z) £ min II| + [logt r
() {| | + [logt] {01} lgw c {071}t,H(w;r) outputs x in t steps

I1€{0,1}*,teN

Lower bounds for rnKt. For two functions s1,s2: N — N, let Gap-MrnKtP[s1, s3] be the following
promise problem: Given z € {0,1}", decide whether rnKt(x) < s1(|z|) (“yes” case) or rnKt(z) > so(|x])
(“no” case). For a promise problem IT = (YES, NO) and a complexity class C, we say that IT ¢ C if there is
no language L € C such that YES C L and NO C {0,1}* \ L. For a language O and a function s: N — N,
we let SIZEO[S] denote the set of languages computed by Boolean circuits with oracle access to O and of
size at most s(n). Similarly to R[], We can also consider the set Rnkq[s], Which is defined in the natural
way using rnKt instead of nKt.

Theorem 1.2 (Complexity Lower Bounds for Estimating rnKt). The following statements hold:

1. For every constant 1/2 < ~y < 1, there exists a constant € > 0 such that
Gap-MrnKtP[y - n,n — 1] ¢ AMTIME[2°"] N coAMTIME[2°"].

Moreover, given a constant 1/2 < ~ < 1, there exists () > 0 such that, for every dense language
L C Rinkifyn) we have L & AMTIME[2¢"] N coAMTIME[2°"].

2. For every constant y > (),
Gap-MrnKtP [21%””, n— 1} ¢ AMTIME [np°'Y'°g<“>]

Moreover, for every dense language L C RmKt[Qlogw n], We have L ¢ coAMTIME [np°'y'°g(”)].



3. For every constant v > 0 and O € AM N coAM,

Gap-MrmKtP [210@", n— 1] ¢ SIZE® [np°'Y'°g<”>]

Moreover, for every dense language L C Ry [o1067 n), we have L ¢ SIZE® [np°'y|°g(")} .

To the best of our knowledge, no previous lower bounds against AM, SIZE[poly], and exponential time
nondeterministic classes were known for natural meta-computational problems. These results thus provide
the strongest unconditional lower bounds in meta-complexity to date.

1.2.2 Proof Complexity and Symmetry of Information

Symmetry of Information (Sol) is a fundamental property of (time-unbounded) Kolmogorov complex-
ity [ZL70] with applications in various areas (e.g., [SUV17, LV19]). It states that for any strings =,y €
{0,137,

K(z,y) = K(y) + K(z | y) = K(z) + K(y | 2),

up to an additive O(log n) term. In other words, describing = and y jointly is no shorter, up to logarithmic
terms, than describing one optimally and the other given the first. The trivial direction,

K(z,y) < K(z) +K(y | ) + O(logn),
follows easily by construction, while the non-trivial part asserts that
K(z,y) = K(z) + K(y | z) — O(logn).

While Sol holds for time-unbounded Kolmogorov complexity and fails for Kt complexity [Ron04] (see
Appendix A for related discussions), whether this property is valid for various other notions of time-bounded
Kolmogorov complexity remains unknown. We refer to [KK25] and references therein for more background
on Sol and its connections to complexity theory.

A sequence of papers [HILT23, HLO24, HLN24] established that the failure of time-bounded versions
of Sol (in a certain average-case sense) is equivalent to the existence of cryptographic one-way functions.
In other words, the existence of provably secure cryptography is intimately connected to time-bounded Sol.

Here we establish a connection between time-bounded Sol and the NP vs. coNP problem (i.e., whether
there is a proof system for which every tautology admits a short proof). In order to discuss our results and
contrast them with previous work, we need to introduce probabilistic extensions of Kt and nKt, in the sense
of [GKLO22] (see also [LO22]).

Probabilistic variants of Kt and nKt. Informally, pKt is simply Kt in the presence of public randomness,
i.e., z has “small” pKt complexity if with probability at least 2/3 over the randomness r, = has “small”
Kt complexity given access to . Formally, for = € {0, 1}*, its probabilistic time-bounded Kolmogorov
complexity [HLO24] is given by

pKt(z) £ min{k eN

Pr [Kt(x ) < k] > 3}

ref0,132

where Kt(x | r) denotes the conditional Kt complexity of x given r, i.e., the minimum value |II| + [log ¢]
over all pairs (II, ¢) such that IT is a program that outputs = when given r and runs in at most ¢ steps.



Analogously, for a string x € {0,1}*, its probabilistic nondeterministic time-bounded Kolmogorov
complexity [HLO24] is defined as

pnKt(z) = min{k €N

Pr [nKt(m r) < k} > 2}.

re{0,132" 3

In other words, bounded pnKt complexity means that in the presence of a typical random string r, « has
bounded nKt complexity.

In more detail, [HLO24] showed that one-way functions exist if and only if Sol fails on average for
pKt, i.e., there is a polynomial-time samplable distribution family {D,, }, where each D,, is supported over
{0,1}"™ x {0, 1}", and a polynomial ¢ such that for every constant ¢ > 0 and for every large enough n,

1
Pr Kt(x,y) < pKt(x) + pKt x)—c-logn]>——.
b [PKE(z,y) < pK(z) + pKi(y | 2) gnlz o

This means that, under the widely-believed assumption that one-way functions exist, Sol fails on average
for pKt (and for related notions such as Kt and rKt).

In contrast, adapting previous work [HLO25], we show (unconditionally) that Sol holds on average
when both randomness and nondeterminism are present.

Theorem 1.3 (Average-Case Symmetry of Information for Nondeterministic Kolmogorov Complexity). For
every polynomial-time samplable distribution family {D,, },cn, where each D,, is supported over {0,1}" x
{0, 1}™, there exists a constant ¢ > 0 such that for all large enough n, k € N,

1
( I)’rD [ pnKt(z,y) > pnKt(z) + pnKt(y | ) — c-logn —logk | > 1 — T
Z,Yy)~Ln

Similarly,

1
Pr [ mKt(z,y) > mKt(z) + mKt(y | 2) —c-log®n —logk | > 1 — —.
(,y)~Dn k

It is unclear how to extend the proof of Theorem 1.3 to the worst case, i.e., to prove that the relevant
inequality holds for all strings =,y € {0, 1}™. Interestingly, we are able to show that this would separate
coNP from NP in a strong sense, as stated below. Let TAUT C {0, 1}* denote the set of tautologies, i.e.,
Boolean formulas F' that always evaluate to 1.

Theorem 1.4. Item I implies Item 2 in the following.

1. (Worst-Case Symmetry of Information for Nondeterministic Kolmogorov Complexity). There exists
a constant ¢ > 0 such that for all large enoughn € N and x,y € {0,1}",

pnKt(z,y) > pnKt(z) + pnKt(y | z) — e,
where e = log®n (resp. e = ¢ - logn).

2. (Hardness of Proving Tautologies). TAUT ¢ AMTIME[t(n)], where t(n) = 218’ forany d > 1
(resp. t(n) = 2" for some e > 0).

The above implication remains valid if pnKt is replaced with rmKt in the first item.



While several results establish that lower bounds follow from the failure of Sol (see, e.g., [LW95, Hir22c,
HIL*23, HLO24, HLN24]), an interesting aspect of Theorem 1.4 is that here a lower bound follows from
the validity of Sol in a time-bounded setting. In a sense, Theorem 1.4 reduces the lower bound problem of
separating coNP from AM to an upper bound task: showing that for every large enough n and z, y € {0,1}",
we have

pnKt(y | ) < pnKt(x,y) — pnKt(x) + poly(logn). (*)

It is worth mentioning that Sol has been successfully employed as an approach to obtain unconditional
complexity lower bounds [Hir22c]. Sol also plays an important role in the proof of some results from
Section 1.2.1, as explained in Section 1.3.

In Section 5.4, we show a general result implying that any proof of Equation (x) must employ non-
relativizing techniques. On the positive side, we note that, in order to show the weaker separation NP ¢
BPP, it is enough to establish Equation () under the assumption that NP C BPP (since TAUT ¢ AM im-
plies in particular that NP ¢ BPP). Consequently, as an approach to lower bounds, symmetry of information
might be useful even if Equation (x) turns out to be false. Interestingly, it is known that NP C BPP implies
that symmetry of information holds for other time-bounded Kolmogorov complexity measures [Hir22c]. By
a similar argument, to show NEXP ¢ BPP, it suffices to prove that NEXP C BPP = Equation (x). This
might be a fruitful research direction.

1.2.3 Average-Case vs. Worst-Case Complexity in the Polynomial Hierarchy

Understanding the relation between the worst-case and average-case complexities of NP is a central open
problem in computational complexity theory. In particular, resolving this question is a crucial milestone
for the goal of constructing cryptographic schemes grounded in the worst-case intractability of NP (see,
e.g., [BT06]).

Formally, we would like to show that if NP is easy on average (i.e., DistNP C AvgBPP) then NP is easy
in the worst case (i.e., NP C BPP). In order to establish this implication, it is necessary to first establish a
similar result for problems in the polynomial hierarchy (PH), i.e., to prove that if DistPH C AvgBPP then
PH C BPP.! In the terminology of Impagliazzo’s five possible complexity worlds [Imp95], this corresponds
to excluding PH-Heuristica, that is, excluding the possibility that we live in a computational world where
every problem in PH is easy on average but some problems in PH are hard in the worst case.

We show that excluding PH-Heuristica is equivalent to a problem about the meta-complexity of nonde-
terministic Kolmogorov complexity. In order to explain this result, we need to introduce some definitions.

Gap-MINpKTPH and Mild-Gap-MINpKTPH.  First, we observe that, up to a constant factor, nKt(x) is
simply Kt”SAT(a:), i.e., the Kt complexity of x when we consider programs that can make non-adaptive
queries to a SAT oracle (see Section 3.1 for the details). More generally, we will consider time-bounded
programs that can make adaptive queries to problems in the polynomial hierarchy.

For a string z € {0,1}", a time bound ¢, a parameter A € [0, 1], and an oracle O C {0,1}*, the
probabilistic t-time bounded Kolmogorov complexity of x is defines as

pK';’O(x) = min{s eN

Pr {Kt’o(x |r) < s] > )\},
re{0,1}

where K“©(z | r) denotes the conditional ¢-time bounded Kolmogorov complexity of 2 with oracle access
to O. We often omit the parameter A when A\ = 2/3.

'In order to see this, it is enough to observe that NP C BPP if and only if PH C BPP.



For a function p: N — N and an oracle O, let Gapp—l\/IINpKTO be the following promise prob-
lem: Given (z,1%,1t), where 2 € {0,1}* and s,¢ € N, decide whether pK"©(z) < s (“yes” case) or
pKP®O (1) > 5 + log p(t) (“no” case).

Let O be an oracle. We say that Ga p-MINpKT® € prBPP if there exist a polynomial p and a probabilis-
tic polynomial-time algorithm that solves Gapp—MINpKTO. Also, we say that Gap-MINpKTPH € prBPP if
for every O € PH, Gap-MINpKT® € prBPP.

We also consider the problem Mild-Gap-MI NpKT®, which is similar to Gap-MINpKT® except for that
in the no case, we have pK‘PUe):0 (1) > s + log p(t) instead of pKP):©(z) > s + log p(t). Thus the key
difference between these promise problems is the gap in the time bounds, which are of the form ¢ versus
poly(t) and ¢ versus ¢ 4 poly(n), respectively.?

We are now ready to state our result.
Theorem 1.5. The following statements are equivalent:
1. (Exclusion of PH-Heuristica). DistPH C AvgBPP — PH C BPP.
2. (Meta-Complexity of pKPH). Gap-MINpKTPH € prBPP — Mild-Gap-MINpKT"H & prBPP.

We can also obtain a deterministic analogue of the above result by considering the problem of estimating
K*PH instead of pK®™H (see Theorem 6.21).

Consequently, the average-case vs. worst-case complexity of PH is intrinsically connected to the relative
complexity of estimating the PH-oracle time-bounded Kolmogorov complexity in two different approxima-
tion regimes.

As alluded to in Section 1.1, [Hir21, GKLO22] established using techniques from time-bounded Kol-
mogorov complexity and meta-complexity that if DistPH C AvgBPP then PH C BPTIME[20("/1ogn)] (a
weaker form of Item 1 in Theorem 1.5). Moreover, this is the only known proof of this result. Theorem 1.5
sheds light into this by showing that understanding the complexity of computing time-bounded Kolmogorov
complexity is unavoidable. For this reason, we believe that this result is of particular conceptual interest.

It follows from the proof of Theorem 1.5 and previous work [Imp11, HN21] that any efficient reduc-
tion from Mild-Gap-MINpKTPH to Gap-MINpKTPH must use non-relativizing techniques. In other words,
there is an oracle world where Gap-MINpKTPH < prBPP while Mild-Gap-MINpKTPH ¢ prBPP (see
Section 6.5 for more details). We note that some reductions in meta-complexity employ non-relativizing
techniques, such as [Hir22b]. In particular, we see this relativization result as a guiding principle rather
than an insurmountable barrier. Indeed, Theorem 1.5 and prior work [Hir21, GKLO22, Hir22b] suggest that
ruling out PH-Heuristica using techniques from probabilistic and nondeterministic Kolmogorov complexity
is a promising research direction.

1.3 Techniques

We now discuss the key ideas and techniques behind the proof of each result stated in Section 1.2.

Lower bounds for computing nKt (Theorem 1.1). In previous work, Allender et al. obtained the weaker
lower bound MnKtP ¢ NP N coNP [AKRRI11]. Firstly, the authors proved that

NEXP C PMrKtP /5oly,

Formally, we need to allow a small gap in the probability X (in pKi’o(m)) when specifying the “yes” and “no” cases of
Mild-Gap-MINpKT®. However, for simplicity we avoid this discussion in the exposition given here. We refer to Section 2.2 for
the precise definition of each computational problem.



using reconstruction of pseudo-random generators. Assuming MnKtP € NP N coNP and applying a Karp-
Lipton style argument, it follows that
NEXP C PSPACE.

Secondly, they proved
PSPACE C ZPpMnKtP,

again using reconstruction of PRGs. By assumption, this implies
PSPACE C zPPNPN<eNP € NP 1 coNP.

Combining the aforementioned inclusions, NEXP C NP N coNP, contradicting the non-deterministic time-
hierarchy theorem.

We notice that the proof of [AKRR11] can be extended to a larger time bound, but due to the two separate
steps, the approach faces a half-exponential barrier. In particular, within the framework of [AKRR11], the
strongest lower bound one can hope to prove is MnKtP ¢ NTIME[T'(n)] N coNTIME[T (n)] for a time
bound T'(n) satisfying T'(T'(n)) = o(2™). Without a significant new idea, the approach cannot prove lower
bounds with T'(n) = 2™ for a constant £ > 0, let alone 7'(n) = 2°".

In Theorem 1.1, we overcome the half-exponential barrier and establish a strong lower bound for any
dense language that only accepts strings of large nKt complexity. The proof works by a combination of the
following elements:

* The Sol lower bound technique from [Hir22c];

* Derandomization using nondeterminism [AKRR11];

* Probability amplification for rK with controlled randomness complexity;
* Iterated construction of a string of large complexity.

Next, we provide more background and explain how these techniques are combined in the proof of Theo-
rem 1.1. We begin by discussing the ingredients in the proof that MnKtP ¢ NTIME[2¢"] N coNTIME[25"]
(ie. the first part of Theorem 1.1).

Hirahara developed an approach to lower bounds that exploits a connection between Symmetry of Infor-
mation and the easiness of meta-computational problems [Hir22c]. The approach is inspired by a technique
from the Ph.D. thesis of Ronneburger, which excludes Sol for Kt unconditionally [Ron04]. Since we will
build on this approach, we give a brief overview below.

Specifically, [Hir22c] shows that MrKtP ¢ BPTIME([2°"] for some constant € > 0. The proof consists
of two steps. First, the author shows that MrKtP € BPTIME[2°"] implies Sol for rKt. That is, for any two
strings =,y € {0,1}",

rKt(z,y) > rKt(z | y) + rKt(y) — O(en).
The proof of this implication employs reconstruction of pseudo-random generators. Define R,k := {z |

rKt(z) > |x|}, and use U to denote uniform distribution over {0, 1}. Then, roughly speaking, the key
intuition is that R,k cannot distinguish between the following three distributions:

Dy := Gi(x;Ua,) 0 Ga(y; Uay),
Dy := uml o G2(y;z/[d2)a
D3 :=Up, oUp,,
where G; : {0,1}" x {0,1}% — {0,1}™ fori € {1,2} are some PRGs based on a construction of Raz et

al. [RRV02] (see [Hir20, Section 4.2]), d1,d> = O(log3 n), and we leave my, ma < 2n to be specified later
(See Lemma 2.27).



If R,k distinguishes D; from Dy in presence of y, a randomized reconstruction procedure with oracle
access to R,k can produce x given y with non-trivial probability in polynomial time, yielding an upper
bound on rKPOW ()it (12 | /) (See Corollary 4.6). Furthermore, assuming MrKtP € BPTIME[2¢"] enables
us to eliminate the oracle in this riKP°Y() upper bound. Specifically, one obtains

rKt(z | y) < my1 + O(en).

Given the arbitrariness of m, we may now pick m; = rKt(z | y) — O(en) to contradict the previous
inequality, thereby establishing indistinguishability (for R,k.) between D; and Ds. Similarly, picking mg =
rKt(y) — O(en) establishes indistinguishability between Dy and Ds. By a hybrid argument, R,k cannot
distinguish D; from D3. Therefore, with non-zero probability over s ~ Dy,

rKt(s) 2 m1 +ma — O(1) = rKt(z | y) + rKt(y) — O(en).

On the other hand, since d;, ds < O(log3 n), and G'1, G are efficiently computable given z, y, and seeds of
length d; and da, it holds that rKt(s) = rKt(x, y) for any such s. This gives us Sol for rKt.

The second step of the proof in [Hir22c] follows the technique of [Ron04] (along with the assumption
that MrKtP € BPTIME[2"]) for showing that Sol does not hold. By a standard counting argument, there
exists a string y € {0,1}" such that rKt(y) > n. We may find the lexicographically first such string
y* by brute-force, assuming easiness of MrKtP. There likewise exists a string x € {0,1}" such that
rKt(z | y*) > n, and by Sol, for such z, we have rKt(z,y*) > 2n — O(en). Again, we may find the
lexicographically first such string z* by brute-force. Note that the two brute-force searches to find y* and z*
take time 29" overall, with only n as input. This implies that rKt(z*, y*) < n+4O(en), a contradiction
for small enough € > 0. It follows that MrKtP is hard.

A limitation of the argument from [Hir22c] above, which blocks its direct translation to MnKtP, is the
randomness required in the reconstruction procedure of the pseudo-random generator. Randomized com-
plexity measures such as rKt naturally incorporate the presence of randomness by definition, but randomness
is not allowed in the definition of nKt. Thus, it is not straightforward to give an upper bound on nKt as in
Corollary 4.6. (For the same reason, the argument does not generalize to prove MKtP lower bounds, and in
fact it remains open whether MKtP ¢ P unconditionally.)

We get around this limitation in the case of nKt by making use of non-determinism to derandomize
reconstruction. As a first attempt, we notice that if MnKtP € NTIME[2°"] N coNTIME[25"] for a small
constant € > 0, then for any m € N, any string s such that nKt(s) > m will have MnKtP-oracle circuit
complexity at least m/polylog(m). In particular, arguing in the contrapositive, assume that s is the truth-
table of an MnKtP-oracle circuit C' of size less than m/(log m)®. Then, we may encode the circuit C' with
fewer than m/ log m bits into an nKt-description for s, and moreover, we may collapse the non-determinism
required to simulate the assumed NTIME[2"] N coNTIME[2¢"] oracle gates into the non-determinism in the
definition of nKt. Overall, this implies

m
Kt — + 1 . Qem
nKt(s) < logm + log(m )

<m.

To obtain such s efficiently, again applying the assumption that MnKtP is easy, we can non-deterministically
guess s and refute when nKt(s) is not large enough. Then, we can plug s into the (relativized) pseudo-
random generator from [IW97] to derandomize the reconstruction procedure of [RRV02, Hir20], resulting in
an nKtMnKtP upper bound rather than an rKtMnKeP upper bound. In this case, we can again use the assumed
easiness of MnKtP to collapse the oracle into the non-determinism in the definition of nKt, resulting in an
nKt upper bound without any oracle.
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The technique in the previous paragraph can be used to obtain the lower bound MnKtP ¢ NTIME[T (n)]N
coNTIME[T (n)] for T((n) = 2™, but it does not suffice for T'(n) = 2°". This is because, in order to de-
randomize the reconstruction procedure of [RRV02, Hir20] via [IW97], we would need a string of MnKtP-
oracle complexity some large polynomial in 2, so we would need to query the MnKtP-oracle at length n¢
for some constant ¢ € N. Hence, the derandomized reconstruction would take time at least 7'(n¢), and when
T(n) > 2”1/6, it holds that 7'(n¢) > 2", yielding a trivial upper bound on the relevant nKt complexity. To
obtain a lower bound with 7'(n) = 2", a key observation is that the reconstruction procedure in question
only requires O(n) bits of randomness. Then, instead of [IW97], we apply the PRG of [RRV02, Hir20] for
a second time, instantiated with a different set of parameters, to derandomize the reconstruction procedure.
The upshot is that a truth-table with nKt complexity O(n) suffices to generate the O(n) pseudo-random bits
to fool reconstruction. In order for the argument to go through in this setting, we use some similar ideas
as described in the previous paragraph: arguing, for example, that assuming easiness of MnKtP, a string
of high nKt complexity must also have high rKtM" P complexity. We note that the analysis here is quite
delicate. For example, one must keep careful track of the randomness length in the definition of rK as well
as the input lengths of oracle queries. See Section Section 4.1.3 for more details.

However, one problem remains: the reconstruction of the pseudo-random generator in [Hir22c] only
recovers = with 1/poly(n) probability, so we need some additional advice to identify x after derandomiza-
tion. But the advice depends on our non-deterministic choice of hard truth table s, so we cannot store it in
the description. Nevertheless, using ideas from pair-wise independent sampling (see e.g. [Gol97]), we can
amplify the success probability of reconstruction from 1/poly(n) to 2/3, but still only using O(n) bits of
randomness (see Section 4.1.1). This eliminates the additional advice after derandomization, because we
can just output the string that appears the most often.

We have given a brief overview of the proof for the main part of Theorem 1.1. Next we discuss the proof
for the moreover part. We observe that most of the arguments (reconstruction, derandomization, etc.) in
the first step of the proof (i.e., getting weak symmetry of information from easiness of MnKtP) still work,
because we are only using the fact that R k[, 1s dense. Therefore the proof extends to any dense language
LC RnKt[n}-

For the second step of the proof, weak symmetry of information only guarantees existence of = such
that nKt(z, y*) > 2n — O(en), but does not guarantee (z,y*) € L, so it is possible we cannot find such z*
in the second brute-force. Fortunately, the first step of the proof actually gives us something stronger than
symmetry of information: For any x,y € {0,1}*, when output length of G, G4 are configured as before,
Jz1, 22 such that Gy (x, z1) o Ga(y, z2) € L (see Lemma 4.9 for more detail). Then in the second step,
given y € L, we enumerate over not only z, but also 21, 22, to find G1(x, z1) o G2(y, 22) € L, which are
guaranteed to exist and verifiable in presence of L-oracle.

This works for any dense language L € Rkq[(1-0(1))n]- HOWever, if L € Rky[y.,,) for some v € (0,1),
then we only get

nKt(z,y) > - (nKt(x | ) + nKt(y)) — O(en)

for the first step. Then in the second step, we can find y; € L so that nKt(y;) > 7 - n, and then we can find
x} € {0,1}" and y5 = G1(z],21,1) © G2(yj, z1,2) € L such that

nKt(y3) > v - (nKt(a | y7) + nKt(yp)) — O(en) > (v +9%) - n = O(en).

We can see the problem here: when v < (v/5 — 1)/2 = 0.618, we are not guaranteed that nKt(y3) >
(1+(1)) - n, so we cannot derive a contradiction. However, we apply our extended weak Sol (Lemma 4.9)
again on y5, which enables us to find 5 € {0,1}" and y5 = G1(x3, 22,1) © G2(y3, 22,2) such that

nKt(y3) > v - (nKt(z3 | y3) + nKt(y3)) — O(en) > (v +9% +7°) -n — O(en).

11



Iterating the construction & times, we will obtain a string y;., such that

_ Ak
nKt(yD) = (v + 72 + - +9%) - n — Oken) = % -0 — O(ken).

Hence when v > 1/2, we can find a large enough constant & such that nKt(s}) > (14 (1)) -n — O(ken).
For each iteration, we do exhaustive search only to find =} € {0,1}" and two seeds of length polylog(n),
so the time it takes to construct s}, is only k - 2" - 20(en) resulting in a contradiction for a small enough
constant € > 0.

The detailed proof can be found in Section 4.1.4. On the other hand, Section 4.1.5 discusses the limits
of our techniques for v < 1/2.

Lower bounds for computing rnKt (Theorem 1.2). We now move on to techniques behind Theorem 1.2.
The proof of Item 1 is a natural extension to the rKt result in [Hir22c], in the sense that the correspon-
dence between AM computation and rnK complexity (see Lemma 3.11) is a natural analogy to that between
BPTIME computation and rK complexity. Conceptually, it is even simpler than the proof for Theorem 1.1
since derandomization is not required here. Still, the combination of randomness and nondeterminism makes
some parts of the argument slightly more involved, and we include a complete proof in Section 4.2.1 to keep
the presentation self-contained.

Proof of Item 2 and Item 3 exploit new results from [CLL24], where explicit construction algorithm for
dense coAM properties is proposed in the form of Arthur-Merlin protocol with non-binary output. Briefly
speaking, a non-binary public coin protocol (P, V') has procedure identical to the normal version of Arthur-
Merlin protocol, except that V' outputs a string instead of a bit in the end. At the start of the protocol,
prover P (which is computationally unbounded) and verifier V' both receive an advice string «. Then in
the i-th round, V' sends uniform randomness r; to P, and P returns answer w; based on «, {rj }jgz' and
{w;}j<i. After constant rounds of interaction, V' outputs a string x, based on «, {r;} and {w;}. [CLL24]
then defined single-valued Arthur-Merlin protocol as non-binary public coin protocol with conformity and
resiliency conditions respectively, analogous to completeness and soundness condition in normal Arthur-
Merlin protocol. See Section 4.2.2 for detail.

The main technical result of [CLL24] (see Section 4.2.2 for details) proves that for every dense enough
L € coAM, there exists a sequence {x, } and non-binary public-coin protocol (P, V') satisfying

* (P, V) is single-valued Arthur-Merlin protocol computing {z, };
* The advice complexity /(n) is small, and V' can be computed efficiently;
* For infinitely many n, z,, € L N {0, 1}".

We note that sequence {z,} computed by such efficient non-binary Arthur-Merlin protocol admits
small rnK complexity, say, rmKt(z,) < 6(n) < n — 1. This is a non-binary analogy of instantiat-
ing non-deterministic computation into non-deterministic Kolmogorov complexity (as in Lemma 3.5 and
Lemma 3.11). Then we consider any dense language L C Ry nki[o(n)+1] and assume L € coAM. By the
existence of such Arthur-Merlin protocol, we know that for infinitely many n, L N {0,1}" contains string
with rnKt complexity smaller than 6(n) + 1, leading to immediate contradiction. In our formal proof, we
extend this idea to quasi-polynomial time regime by simple padding argument.

One important corollary of this explicit construction protocol in [CLL24] is (AMEXPNcoAMEXP) /2" ¢
SIZE®[2" /n] for any oracle @ € AM N coAM, as stated in [CLL24, Theorem 1.2]. This follows from the
close connection between explicit construction and circuit lower bounds: Roughly speaking, if we define
ITharg as the set of strings in {0, 1}2n that are not truth table of circuits of size at most 2" /n, then Ilj,q
is dense, and Il;,,q € coAM. Then using the explicit construction protocol from above, we can efficiently
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construct a sequence of strings {han } such that hon € I N {0,1}2" for infinitely many n. If we define
a language Ly, Whose truth table on input length n is hon, then Lp,q € (AMEXP N coAMEXP) /27" \
SIZEL[27 /n].

Our idea for proving Theorem 1.2, Item 3 is to instantiate classical pseudo-random generator construc-
tion from [IW97] by truth table of Lj,4, obtaining a family of multi-sets {7’ } scy which are pseudo-random
against (AM N coAM)-oracle circuits of size s on infinitely many input lengths s.

Note that, because Ly,q is computable in (AMEXPNcoAMEXP) /2" and [TW97] generator is polynomial-
time computable, every element inside 7}, has rKt complexity bounded by 2008”5 Therefore, any dense
language L consisting only of strings with large rnKt complexity distinguishes 7T from uniform random
strings, for every sufficiently large s. The pseudorandom condition then gives L ¢ SIZEAMNAM 551y (n)].
Similarly to Item 2, the lower bound is later amplified to quasi-polynomial by padding argument.

Proof complexity and symmetry of information (Theorems 1.3 and 1.4). We now discuss the tech-
niques used to prove Theorem 1.3 and Theorem 1.4. We focus here on the versions of these statements
concerning pnKt rather than rnKt, since both versions admit similar proofs.

Theorem 1.3 states that, unconditionally, Sol holds for pnKt with high probability over random strings
sampled efficiently. The theorem is proved by an argument closely resembling one from [HLO25]. Briefly,
the starting point is a worst-case “semi-Sol” statement for pnK® due to [HLO25].> That is, for some poly-
nomial p, for all sufficiently large n, ¢ € N and strings =,y € {0,1}",

pK'(z,y) = pnKP® (2) + pnKPO (y | 2). (1)

Following [HLO25], we apply the fact that, for distributions D € PSAMP, with high probability over
(z,y) ~ D,
K(z,y) 2 pKPY ™M (2, y),

and pnKt(z,y) 2 K(z,y) unconditionally. Given these observations, Theorem 1.3 follows from a simple
adaptation of the right-hand side of Equation (1) to the setting of pnKt: noting, for example, that pnKt(z) <
pnKPOY (™) (7).

We now move on to describe the proof of Theorem 1.4, which builds on techniques from [Ron04,
CLL24, HLO24]. We would like to argue in the contrapositive: namely, assuming NP is contained in
coAI\/ITIME[npO'y'°g(”)] and demonstrating asymmetry of information for pnKt. Here, our starting point is
the proof technique excluding Sol for Kt in [Ron04].

Unfortunately, the same argument does not yield asymmetry in the case of nKt, let alone pnKt. The
problem in the case of nKt is that, during the exhaustive search over programs of length n, one must deter-
mine whether a given program has a unique nondeterministic output. This requires searching over witnesses
of length up to 2", meaning that exhaustive search would take time doubly-exponential in n. The problem
in cases of randomized notions of Kt complexity is that known exponential-time procedures for determining
complexity are probabilistic, so they cannot be relied upon to produce canonical high-complexity strings. In
our case, of course, we must overcome both of these issues.

To that end, a first observation is that there exists a randomized SAT-oracle algorithm (which we denote
BSAT) for approximating pnKt complexity. More specifically, given a pair of strings u € {0,1}" and
v € {0,1}=?", BSAT runs in time 200", accepts with high probability if pnKt(u | v) > 2n/3, and rejects
with high probability if pnKt(u | v) < n/2.* At a high level, our approach entails derandomizing BT

3In fact, by an alternate proof, we obtain a stronger form of the statement with pKP(*) () replacing pnKP®) (z:). See Section 5.1.1
for details.

4 An algorithm with these parameters can be obtained from Lemma 5.4 combined with success amplification for pnKt following
[GKLO22].
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appropriately, yielding an adequately efficient procedure to produce a canonical string = with pnKt(z) >
n/2 (and, likewise, a canonical string y with pnKt(y | ) > n/2).

We now describe how to derandomize B3AT. Here we apply the framework due to Chen et al. [CLL24].
In more detail, we adapt results of [CLL24] to obtain a family of multisets {7 } scy pseudorandom infinitely
often against (AM N coAM)-oracle circuits of size s. Moreover, for any desired constant § > 0, each T
has a representation of rnKt complexity at most 2(°8 5)5, and each T} contains at most poly(s) elements.
Making use of our assumption that NP C coAMTIME[nP°'y'°g(”)], on input (u, v), BSAT can be simulated
by an (AM N coAM)-oracle circuit C(,, ,,y of size at most 2Poly() that treats its input as internal randomness
for BSAT. Thus, for infinitely many choices of s = 2P°Y("), the pseudorandom set T fools such circuits C.

Combining the above ideas, for infinitely many input lengths n € N and any desired constant 8’ > 0, we
may obtain a pair of strings =,y € {0,1}" with pnKt(z) > n/2 and pnKt(y | ) > n/2, but pnKt(z,y) <
mKt(z,y) < 2"6l. For example, let = be the lexicographically first string of length n such that C(,
accepts with probability greater than 1/2 over T, where e denotes the empty string. On one hand, the lower
bound pnKt(z) > n/2 follows from the definition of C(, ) and the pseudorandom property of 7. (One
may define y such that pnKt(y | ) > n/2 similarly.) On the other hand, given T}, an exhaustive procedure
to construct x and y runs in time 2P°Y(") provided an (AM N coAM)-oracle. This, together with the upper

bound on rnKt(T}), implies rnKtAMNCeAM (5, 1)) < 97°"/? The desired bound rn Kt(z,y) < 27" follows by
“collapsing” the (AM N coAM)-oracle into the nondeterminism in the definition of rnKt.

Of course, the pair x, y obtained above does not yet witness asymmetry, since n/2 + n/2 < 27" To
obtain a suitable pair of strings, we apply the above approach iteratively, as in [HLO24]; in particular, we

obtain a sequence of £ := on’ strings 1, ..., zy € {0,1}" such that
Z ant(l'Z' | X1, ...,l’ifl) >/ ’I’L/2
i€[{]

but
pnKt(z1,...,xp) < L.

The above can then be used to show a violation of the standard formulation of Sol for pnKt; see Section 5.2
for further details.

Average-case complexity and meta-complexity (Theorem 1.5). Our contribution in Theorem 1.5 is
mainly conceptual. The proof builds on techniques from prior work [Hir20, HLO25]. Recall that our goal
is to establish the equivalence between the following two implications:

e DistPH C AvgBPP = NP C BPP (note that NP C BPP if and only if PH C BPP),
* Gap-MINpKTPH € prBPP — Mild-Gap-MINpKT"H € prBPP.
To establish this equivalence, it suffices to prove the following two results:
1. DistPH C AvgBPP <= Gap-MINpKT"H ¢ prBPP,
2. NP C BPP <= Mild-Gap-MINpKT"H < prBPP.

The first item can be seen as a randomized extension of the main result from [Hir20], which shows that
DistPH C AvgP if and only if Gap-MINKTPH € P. It is worth noting that a significant portion of that work
is devoted to showing that if Gap-MINKTH € P, then one can construct an explicit pseudorandom genera-
tor. This, in turn, implies that BPP = P, which is essential for establishing that DistPH C AvgP. By instead
considering the randomized setting and the notion of probabilistic Kolmogorov complexity pKHPH in place
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of KtPH we bypass the need for such a pseudorandom generator construction, thereby also significantly
simplifying the proof.

The second item follows the approach developed in [HLO25], which shows that if MINnKT € BPP,
then NP C BPP. In fact, the same conclusion is proved for the problem MINpnKT. A key technical
component of their proof is a language compression result for the notion of probabilistic nondeterministic
Kolmogorov complexity, pnK' (see [HLO25, Theorem 4]).

Our first observation is that pK“>AT is a stronger notion than pnK’, in the sense that pKPOY():SAT (z) <
pnK?(z) for any z and ¢ (see Lemma 3.15). Therefore, pK!SAT also satisfies the desired language compres-
sion property. This turns out to be sufficient for the proof to go through in the case where MINpKT AT is
assumed to be easy.

Another observation is that, while the original proof crucially explore the fact that in the problem
MINNKT the time bounds in the yes and no cases are the same—unlike in Gap-MINnKT, where the time
bound is ¢ in the yes case and poly(t) in the no case—the argument can still be adapted to accommodate a
mild gap, where the no case has a time bound of the form t+p(n), with p(n) being a polynomial independent
of t. This, in turn, allows us to assume only that Mild-Ga p—MINpKTSAT is easy.

Acknowledgements. This work received support from the UKRI Frontier Research Guarantee Grant
EP/Y007999/1 and the Centre for Discrete Mathematics and its Applications (DIMAP) at the University
of Warwick.

2 Preliminaries

We use € to denote the empty string. The length of a string x is denoted |z|. Given strings x € {0,1}"
and y € {0,1}", welet x oy € {0,1}""™ denote their concatenation.

We write  ~ D to denote that x is sampled according to the distribution D. For an element a in the
support of D, we let D(a) denote its probability. We use 4 to denote the uniform distribution over {0, 1}*.

2.1 Computational Models

We consider multi-tape Turing machines over the alphabet ¥ = {0, 1, L }. In addition to the usual input
tape and work tapes, in some contexts we allow a machine to access three additional tapes: one holding an
auxiliary string, one holding a non-deterministic guess, and one holding the randomness. We assume that
the machine has sequential access (i.e., no random access) to the randomness tape and the non-deterministic
tape.’

For a machine M, time bound ¢, and string z, we let K, (z) be the minimum length of a string p €
{0,1}* such that M outputs x on input string p when running for at most ¢ steps. We say that a (universal)
machine U is time-efficient if for every machine U’ there is a constant C' such that, for every string x and
time bound ¢, we have Kg'tlogt(m) < K,/ (z) + C. It is known that time-efficient machines exist (see,
e.g., [LV19]). We fix such a machine U when specifying Kolmogorov complexity.

We also assume an encoding function (-) for machines (which we omit for notational simplicity) such
that U, when given (the encoding of) a machine M, an input «, an auxiliary string z, a non-deterministic
guess w, and a random string 7, runs in time O(|M |, t) and outputs the string produced by M («; z; w; ),
where | M| denotes the encoding length of M and ¢ is the number of steps M runs on («; z; w; ).

3To avoid confusion, sequential access means that the tape head can remain at a given tape cell or move left or right at each step
of the computation. In particular, we do not require read-only or one-way access to the tape.
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A program 11 is defined as a pair II := (M, «), where M is a valid encoding of a machine and o €
{0,1}" is an “advice” string. The output of IT on (z;w;) (which corresponds to the auxiliary input, the
non-deterministic guess, and the randomness), denoted I1(x; w;r), is given by M («; z; w; r).

The running time of the program II on input (x,w,r) is defined to be the number of steps M runs on
input (a; x; w; ).

We also define the size of the program II. To encode a machine-advice pair (M, o), we use the following
format:

5101 (M) 5201 v,

where (M) is an encoding of the machine M,° and s, (resp. s2) is the binary representation of the integer
specifying the length of (M) (resp. «v), with each bit duplicated. The size of II, denoted |I1], is the total bit
length of this description.

We say that a program I1 non-deterministically outputs y on input (z; ) in time ¢ if:

e Vw € {0, 1}, TI(x; w; r) outputs either y or L in time ¢, and

e Jw € {0, 1}, TI(x; w; r) outputs y in time .
A Computational Model with Efficient Composition. The above computational model suffices for most
of our results, except for Theorem 1.5. As in the main result of [HLO25], Theorem 1.5 requires a com-
putational model that possesses an additional natural efficiency property called “efficient composition”.

Specifically, this property states that there exists a polynomial p such that the following holds. For any
x,y, z,r € {0, 1}*, if:

* there is a program of size s; that outputs y on input (z;r) in time ¢, and
* there is a program of size s» that outputs z on input y in time %9,

then there is a program of size s; + so + logp(|z| + |y| + |2|) that outputs z on input (z;7) in time
t1 + p(t2) + p(|x| + |y| + |2]). (As discussed in detail in [HLO25], this property is typically implicitly
assumed in the literature on time-bounded Kolmogorov complexity.)

To guarantee the efficient composition property, we consider a sequence of machine-advice pairs. More
formally, a program II is now defined as

II .= ((Ml, Ozl), e (Méy a@)) )

where each M; is a valid encoding of a machine and «; € {0,1}". The output of II on (x;7) (which
corresponds to the auxiliary input and the randomness), denoted II(x; ), is obtained as follows:’

* Let y; be the output of M (aq;z;7). Let t; be the number of steps M (a; ;1) takes to produce ;.

* Let y be the output of My (ag;z o yi; T[t1+1:\r\])’ and let ¢5 be the corresponding running time.

¢ Let yy be the output of My(ay; x o yp_1; T[te—1+11|7”\])’ and let ¢y be the corresponding running time.

* Output yy.

®As noted above, we assume a fixed standard encoding for Turing machines.
"For a string z of length £ and a subset S C [¢], where [¢(] = {1,2,...,£}, we let zs denote the substring of z obtained by
concatenating the bits of z at indices in S. For a < b, we let [a : b] denote the set {a,a + 1,...,b}.
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The running time of the program II on input (z; r) is given by Zle t;.

We now describe how the program II is encoded. A machine-advice pair is encoded as described before.
The full description of II is obtained by concatenating the encodings of all pairs (M;, «;) for i € [¢]. The
size of I1, denoted |I1], is the total bit length of this description.

It can be shown that this definition of a program satisfies the efficient composition property (see [HLO25,
Proposition 57]). The definition can be extended to programs that have oracle access to a language O in the
natural way.

2.2 Kolmogorov Complexity
2.2.1 Definitions

In this subsection, we provide formal definitions for various notions of time-bounded Kolmogorov com-
plexity.

Time-Bounded Kolmogorov Complexity. We begin with deterministic versions of time-bounded Kol-
mogorov complexity.

Definition 2.1 (K). For z,y,r € {0,1}",¢ € N, and a oracle O, the t-time-bounded Kolmogorov complexity
of © conditioning on (y;r) and given oracle O is defined as

KAO(x | y;r) 2 ; I?in} {1 | 119 (y; €; ) outputs x within ¢ steps }.
e{0,1}*

We define KHO (2 | y) as KhO (x| y;€), and KEO(z) as KEO (x| €).

Definition 2.2 (Kt). For z,y,r € {0,1}" and a oracle O, the time-bounded Levin—Kolmogorov complexity
of x conditioning on (y;r) and given oracle O is defined as

Kt (z | y;7) & Hé?é?}*“m + [logt] | I1° (y; €; r) outputs z within ¢ steps }.
teN

We define Kt (z | 3) as Kt® (z | y;€), and Kt® () as KO(z | €).

We can consider the case where the oracle calls are non-adaptive. In this case, we will write Kt’”O(x)
or Ktl9(z).

Next, we will define other variants of the time-bounded Kolmogorov complexity measure. For simplic-
ity, we will define only the basic versions without oracles. These can easily be generalized to settings where
an oracle is present.

Time-Bounded Kolmogorov Complexity with Randomness. We now define probabilistic variants of
time-bounded Kolmogorov complexity. These definitions include a parameter A in the subscript to denote
the “success probability”. We will often omit the subscript when A = 2/3.

Definition 2.3 (rK"). For z,y € {0,1}*, A € [0,1], t € N, the randomized t-time-bounded Kolmogorov
complexity of x conditioning on y is defined as

I1e{0,1}*

K (x| y) = min {\m t
r~{0,1}

Pr [II(y;e; r) outputs x within ¢ steps] > )\}.
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Definition 2.4 (rKt). For z,y € {0,1}", A € [0,1], the randomized time-bounded Levin—Kolmogorov
complexity of x conditioning on y is defined as

Kt (2 | y) = Her?gq}*{lﬂl + [log ]
teN

Pr t[H(y; €; 1) outputs x within ¢ steps] > )\}.
r~{0,1}

Definition 2.5 (pK"). For z,y € {0,1}*, A € [0,1], t € N, the probabilistic t-time-bounded Kolmogorov
complexity of x© conditioning on y is defined as

pK: (2 | ) émin{sEN .
r~{0,1}

Pr [0 € {0,1}° s.t. TI(y; €; ) outputs = within ¢ steps] > )\}.

Equivalently,
pKi(z | y) & min{s €N

g =20}

Definition 2.6 (pKt). For z,y € {0,1}", A € [0,1], t € N, the probabilistic time-bounded Levin—
Kolmogorov complexity of x conditioning on y is defined as

pKt, (z | y) = min{s eN

P Kt 7)< s8] > Ay,
e [Kela i) <9 2

Time-Bounded Kolmogorov Complexity with Nondeterminism. Next, we define nondeterministic vari-
ants of time-bounded Kolmogorov complexity.

Definition 2.7 (nK%). For z,y,r € {0,1}" and t € N, the nondeterministic t-time-bounded Kolmogorov
complexity of x conditioning on (y;r) is defined as

nK'(z | y;7) £ min {]H\

I1e{0,1}*

Yw € {0, 1}, TI(y; w; ) outputs 2 or L in ¢ steps;
Jw € {0,1}!, TI(y; w; r) outputs x in ¢ steps '
We define nK'(z | ) as nK'(z | y; €), and nK*(z) as nK'(x | €).

Definition 2.8 (nKt). For z,y,r € {0,1}", the nondeterministic time-bounded Levin—-Kolmogorov com-
plexity of © conditioning on (y;r) is defined as

e{0,1}*

nKt(z | y;7) & min {|H! + [logt]
teN

Yw € {0, 1}, TI(y; w; ) outputs 2 or L in ¢ steps;
Jw € {0, 1}, TI(y; w; ) outputs x in ¢ steps '

We define nKt(z | y) as nKt(x | y;€), and nKt(z) as nKt(z | €).

Time-Bounded Kolmogorov Complexity with Randomness and Nondeterminism. Finally, we define
time-bounded Kolmogorov complexity notions that incorporate both randomness and nondeterminism.

Definition 2.9 (rnK"). For z,y € {0,1}*, A € [0,1] and ¢t € N, the randomized nondeterministic t-time-
bounded time-bounded Kolmogorov complexity of x conditioning on vy is defined as

K £ mi IT
K\ (z | y) né?éﬁp{' |

Vw € {0, 1}, TI(y; w; ) outputs z or L in ¢ steps; >
r .
r~{0,1}t | 3w € {0, 1}, TI(y; w; ) outputs  in ¢ steps -
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Definition 2.10 (rKt). For z,y € {0,1}", A € [0,1], the randomized nondeterministic time-bounded
Levin—Kolmogorov complexity of x conditioning on y is defined as

Pr

rmKty(z | y) & min {]H\ + [log t]
r~{0,1}"

me{0,1}*
teN

Vw € {0, 1}, TI(y; w; ) outputs 2 or L in ¢ steps; -
Jw € {0,1}!, TI(y; w; r) outputs z in ¢ steps [

Definition 2.11 (pnK®). For z,y € {0,1}*, A € [0,1] and ¢ € N, the probabilistic nondeterministic t-time-
bounded time-bounded Kolmogorov complexity of x conditioning on y is defined as
31T € {0,1}=* such that the following conditions hold:
pnKi (z | y) £ min{ s € N E’r .’ Vw € {0, 1}, TI(y; w; ) outputs « or L in ¢ steps; > A
~{0,1}*
' Jw € {0,1}, TI(y; w; r) outputs x in ¢ steps
Equivalently,

pnKi (z | y) & min{s eN

P K? ) <s| > A\,
e <4121)

Definition 2.12 (pnKt). For z,y € {0,1}", A € [0,1], t € N, the probabilistic nondeterministic time-
bounded Levin—Kolmogorov complexity of x conditioning on y is defined as

pnKt, (7 | y) £ min{s eN

Pr [nKt(z |y;r) <s] > )\}.
r~{0,1}2°

Computational Problems. In the remainder of this subsection, we formally define promise languages
regarding decision of time-bounded complexity.

Definition 2.13. Let «, 5 be any N — N function such that a(n) < (n) holds for any n € N. We define
promise language MKtP[a(n), 8(n)] £ (YES, NO) as

YES = {z | Kt(z)
NO = {z | Kt(x)

a(n)}
Bn)}
We also define an alternative of MKtP with variable threshold, namely, Gap,-MKtP £ (YES,NO), such
that
YES = {(z,1°) | Kt(z) < s}
NO = {(x,1%) | Kt(z) > s + p(Jz])} °

where p is any N — N function. For a complexity class C, we say that Gap,-MKtP € C if there exists a
constant ¢ > 0 such that Gap ,-MKtP € C with p(n) = clogn.

<
>

Definition 2.14. Let 6 : N — N. Define Ryq[g(n)] as
Rifo(n)) = {2 | mKt(z) > 0(|z[)}

We can extend the above definitions to any measure in {Kt, rKt, pKt, nKt, rnKt, pnKt}, resulting in
notions such as MrnKtP, R kt[g(n)]> and so on.

Definition 2.15 (MINKT). For an oracle O, we define the promise language MINKT® £ (YES,NO) as
YES = {(2,1°,1") | K" () < s}
NO = {(z,1%,1%) | KO (z) > s}
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Definition 2.16 (Gap-MINKT). For an oracle O and p: N — N, we define the promise language
Gap,-MINKT? £ (YES,NO)

as
YES = {(z,1%,1) | K"O(2) < s}

NO = {(x,ls, 1) | KPOO(z) > 5 —I—logp(t)} '

For a complexity class C, we say that Gap,-MINKT € C if there exists a constant ¢ > 0 such that
Gap,-MINKT € C with p(n) = n°.

Definition 2.17 (Mild-Gap-MINKT). For an oracle O and a function p: N — N, we define the promise
language Mild-Gap,-MINKT? £ (YES, NO) as

YES = {(z,1%,1") | KO (z) < s}

NO = {(3:, 15,18) | KEFP12D0 () > 5 4 log p(t)} '

For a complexity class C, we say that Gap,-MINKT € C if there exists a constant ¢ > 0 such that
Gap,-MINKT € C with p(n) = n°.

Definition 2.18 (MINpKT). For an oracle O, we define the promise language MINpKT® £ (YES,NO) as
YES — {(m, 1°,14,1%,1%) | pKb 2 () < s}
NO = {@:,18,121@ )| PG 1y () > s} ‘
Definition 2.19 (Gap-MINpKT). For an oracle O and p: N — N, we define the promise language
Gap,-MINpKT? £ (YES,NO)

as
YES = {(:c, 1°,11,1%,1%) | pKb O () < s}
NO = {(:): 1°,11,19,1%) | K£§Z+a+b)o( )Zs+logp(t—|—a+b)}

For a complexity class C, we say that Gap,-MINpKT € C if there exists a constant ¢ > 0 such that
Gap,-MINpKT € C with p(n) = n°.

Definition 2.20 (Mild-Gap-MINpKT). For an oracle O and a function p: N — N, we define the promise
language MiId—Gapp—MINpKTO £ (YES,NO) as

YES:{(J: 15,1419, 1 )|pK/()§s}

NO = {(l’, 15’ 1t’ 1a ) | pKEZPlg?E-a+b) (x) 2 s +10g,0(t+ a+ b)}

For a complexity class C, we say that Gap,-MINpKT € C if there exists a constant ¢ > 0 such that
Gap,-MINpKT € C with p(n) = n®.
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2.2.2 Useful Tools
Here, we state some useful tools about Kolmogorov complexity.

Lemma 2.21 (Standard Counting Argument). For any A € (1/2,1) and k € {K, K, rK}, nK' K.}, and
foralln,~v € N, we have

fo(’)ﬂ}ﬂ [k(z) <n—79] < >

Also, for any X € (0,1) and r € {pK}, pnK'}, and for all n,~ € N, we have

1
P - .
A k() <n—9] <+

Moreover, the inequalities above continue to hold in the presence of an oracle O and when conditioning on
a fixed string y.

Proof. For simplicity, we consider the oracle-free case and y = e. (The general case is analogous.) The
case of K directly follows from counting. Indeed, the number of Turing machines with length at most n —
is less than 2™, therefore

2n= 1
N

The remaining cases (except k = pKf\ and kK = pn KtA) follows similarly, since each Turing machine can
correspond to at most one string under the setting that A > 1/2.

For k = pK}, pnKY, consider a bipartite graph where the left vertices represent randomness-program
pairs {0, 1}* x {0,1}<"~7, and the right vertices represent strings in {0, 1}". There is an edge between a
left vertex (r, M) and a right vertex y if M (x) outputs z. For a right vertex z to have pK)-complexity at
most n — -, it must have degree at least 2¢ - \.

However, there are less than 2! - 2777 total edges in the graph. Therefore, the number of right vertices
with degree at least 2¢ - \ is less than 277 /). O

Lemma 2.22 (See [HIL 23, Lemma 9]). There exists a universal constant b > 0 such that for any distri-
bution family {Dy, }nen, where each D,, is over {0,1}", and v € N,

nb

-] < .

Pr [K(z) < log %

x~D,, Dn ($>

Theorem 2.23 (Efficient Coding Theorem [LOZ22]). For every polynomial-time samplable distribution
family {D,, },en, where each D, is supported over {0,1}", there exists a polynomial p such that for every
x € Support(D,,),
1
pKP™) (2) < log ——— + log p(n).
(z) < log Do) T8 (n)

Lemma 2.24 (Following [GKLO22, Lemma 18]). There exists a universal constant ¢ > 0 such that for any
x € {0,1}, time bound t € N and computable language L, K(z | t) < pK-L(z) + ¢ - log |z |.

2.3 Average-Case Complexity

We review some basic definitions and facts in average-case complexity. For more information about
average-case complexity, we refer to [BTO06].

Recall that a pair (L, D) is a distributional problem if L C {0,1}* and D = {D,, },en is a distribution
family, where each D,, is a distribution over {0, 1}*.
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We let DistNP denote the set of distributional problems (L, D) such that L € NP and D is polynomial-
time samplable. Here, a distribution family D = {D,, },en is polynomial-time samplable if there exists
a randomized polynomial-time algorithm A such that for every n > 1, the output of A(1") is distributed
according to D,,. We let PSAMP be the collection of distribution families that can be sampled in polynomial
time. For a complexity class C (e.g., C = NP), we let DistC denote the set of distributional problems (L, D)
with L € C and D € PSAMP.

A distributional problem (L, D) is said to admit a (errorless) heuristic scheme if there exists a determin-
istic polynomial-time algorithm A such that the following holds for every n, k € N:

1. For every x € Support(D,,), A(z,17,1¥) € {L(x), L},
2. and 1
Pr [A(z,1"1%) = 1] 21— -
mN’ZI).n (LE, ’ ) ] - k

We let AvgP denote the set of distributional problems that admit a heuristic scheme.
Similarly, a distributional problem (L, D) is said to admit a randomized (errorless) heuristic scheme if
there exists a probabilistic polynomial-time algorithm A such that the following holds for every n, k € N:

1. For every x € Support(D,,),

Pr [A(x, 1",1%) € {L(m),J_}} >

SIS

2. and
1

1

Pr |Pr[A(z,1"1F) =1]<-|>1——.

P

We let AvgBPP denote the set of distributional problems that admit a randomized heuristic scheme.
We will need the following result.

Theorem 2.25 ([IL90]). Let A be any oracle. If (NP?,U4) C AvgBPP, then for every distribution D €
PSAMP and L € NP4, we have (L, D) € AvgBPP.

2.4 Pseudorandomness

Theorem 2.26 ([IW97]). There is a polynomial-time computable function F' : {0,1}* x {0,1}* — {0,1}*
such that the following holds. For every € > 0, there exists c,d € N such that

F:{0,1}™ x {0,1}41e™ — {0, 1}",

and if f : {0,1}¢1°8™ — {0, 1} is a function with L-oracle Boolean circuit complexity at least n°°, then the
function G¢(-) == F(tt(f),-) is a pseudorandom generator mapping {0, 1}%1°8™ to {0,1}", such that for
any L-oracle Boolean circuit D : {0,1}"™ — {0, 1} of size at most n,

1
e D@ =1)= P D(@G(s) =1 <

We will also need the following black-box pseudorandom generator. We closely follow the construction
in [Hir20, Section 4.2], which uses the weak design from [RRV02] and the list-decodable error-correcting
code from [Sud97]. But our construction is different in two ways. First, in [Hir20], ECC list-decodable
for distance 1/2 — 1/2m? is used. Here we have an additional parameter & (which is the advantage of the
distinguisher), and we use the same family of ECC, but the list-decodable distance is set as 1/2 — £/2m.
Second, in [Hir20], the reconstruction algorithm outputs a list of strings. Here after we obtain the list of
strings, we just take a uniformly random sample from the list.
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Lemma 2.27. For all sufficiently large n,m € N such that m < 2n and any € > (0, there exists a triple
(G, A, RO) such that

G :{0,1}" x {0,1}* — {0,1}™,
A:{0,1}" x {0,1}¢ — {0,1}™,
RO :{0,1}" x {0,1}% x {0,1}" — {0,1}",

and for every x € {0,1}" and any D : {0,1}™ — {0, 1} such that

Pr [D(G(z;2)) =1]— Pr [D(w)=1] > ¢,

z~ Uy w~Upm
it holds that 1
Pr [RP(A = >
g, B A 2), 2 w) = a] 2 S

z~Uyg

We define the parameter ¢ > 0 as security parameter. Here, we have d = O(log3(n/c)), r = O(m).
Moreover, G and A can be computed in time poly(n/e), and RP can be computed in time poly(n/e) with
oracle access to D.

Proof. Similar to [Hir20, Section 4.2]. ]

Direct Product Generator . For z,y € {0,1}", we denote their inner product by z - y = @;"_| z;y;.

Definition 2.28 (Direct Product Generator (DPG) [Hir21]). For n, k € N, the k-wise direct product gener-

ator is the function
DPy,: {0,1}" x {0,1}"F — {0, 1}k,

defined by

DPy(z,z10--0z;) =(z10---0z, 0L 210 0x - 2p).

Lemma 2.29 (pK' Reconstruction Lemma [GKLO22]). There is a polynomial Dpp Such that the following
holds. For every n,m,k € Nt, x € {0,1}", let D be a function that (1/m)-distinguishes DP},(x; Uy)
Jrom U1 k. Then

pKPop (MM R)ID 3y < | 4 log ppp (0 +m + k).

3 Useful Results About Nondeterministic Kolmogorov Complexity

In this section, we present several useful facts about various nondeterministic and relativized notions of
Kolmogorov complexity. We note that all the results presented here also hold for the corresponding notions
in the presence of any oracle. For simplicity, in below, we consider only the cases without oracles. It is
straightforward to adapt all the proofs to handle the more general setting.

31 nK

Lemma 3.1. There exists a constant ¢ > 0 such that for any strings v,y € {0,1}" and t € N,
KPISAT (| y) < nK! (2 | ) + ¢ logt,

where t' = (t + |y|)°.
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Proof. Letx,y € {0,1}" and t € N. We assume without loss of generality that ¢ > |z|. Define k = nK’(z |
y), and let IT € {0, 1}'“ be a program that nondeterministically outputs x on input y in time ¢.

Given II, |z|, ¢, and y, we reconstruct x as follows: For each i € [|z|], we use the SAT oracle to answer
the following query:

Does there exist a w € {0, 1}" such that II®(y; w) outputs a string z € {0, 1}‘1cl in time ¢ and
the i-th bit of z is 1?

We then set the i-th bit of x to be 1 if and only if the answer to this query is yes.

It is easy to verify that the above procedure runs in time poly(|z| + |y| + t). Also, by the fact that IT
nondeterministically outputs x on input y in time ¢, it can correctly recover x. Thus, for ¢’ = poly(|y| + ?),
we obtain

KU ISAT (22 | ) < [II| + O(log [¢])
< k+ O(logt),

as desired. O

Corollary 3.2. There exists a constant ¢ > 0 such that for any strings x,y € {0,1},
KelSAT (2 | y) < ¢ nKt(x | y) + O(logy])-

Proof. Letz,y € {0,1}" and k = nKt(z | y). Then there exists a nondeterministic program I that outputs
x given y in time ¢, where |II| 4 [logt] < k. This implies nK’(z | y) < |II|.
By Lemma 3.1, we have
K IAT (| ) < |TT] + O(log ),

where ' = poly(|y|+t). It follows that there exists a nondeterministic program of size at most |II|+O(log t)
that outputs x given y in time ¢/, which implies

nKt(z | y) < [TI] + O(logt) + logt" < nKt(z | y) + O(log|yl),
as desired. 0

Lemma 3.3. For every language A € NP, there exists a constant ¢ € N such that for any strings x,y €
{0,1}* and t € N,
K" (z | y) <K"(z | y) + ¢ logt.

Proof. Letz,y € {0,1}" and t € N, and define k = K14 (z | /). Then there exists a program IT € {0, 1}"
that on input y, makes only non-adaptive queries to A and outputs x within time .

As in the proof of [HLO25, Lemma 31], we will eliminate the oracle access to A by guessing the answers
to the (non-adaptive) queries to A and verifying them with the help of an additional small amount of advice.
We provide the details for completeness.

Suppose A is the following oracle:

A(g) =1 < 3w € {0,137 such that V (¢, w) = 1,

where V' is some polynomial-time verifier. Let q1,¢o, ..., qs, where £ < ¢, be the (non-adaptive) queries
made by d to the oracle A. Also, let p be the number of positive answers to these queries, i.e., p =
Zle A(q;). We then non-deterministically guess ¢ witnesses (w1, ws, ..., wy) =: w and count the number
of indices ¢ for which V' (¢;, w;) = 1. Denote this number by u,,. If u, is not equal to p, we output L.
Otherwise, for each w; that satisfies the verifier V', we set the answer to the query ¢; to be 1, and we let
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the rest of the answers be 0. We then run d while simulating the oracle A using the answers obtained as
described above.

Note that, given the number p, which can be specified using [log ¢] < [logt] bits, the above procedure
can be implemented to run in time poly(t). Also, it is easy to observe that there exists some guess of
w = (wy,ws,...,wy) that satisfies u,, = p. Moreover, for any guess of w that satisfies u,, = p, the
answers obtained are the correct answers to the queries (g1, ¢2, - - ., q¢) for A. It follows that there exists a
program of size at most |II|+O(log ) that, given y, runs in time poly(¢) and outputs = non-deterministically.
Thus, for some constant ¢ € N,

nK(z | y) < [TI| + ¢ - logt
<k+4c-logt,

as desired. O
As a corollary of Lemma 3.3, we get the following.

Corollary 3.4. For every language A € NP, there exists a constant ¢ € N such that for any strings
z,y € {0,1}7,
nKt(z | y) < - Ktld(z | y).

Lemma 3.5. There is a constant ¢ > 0 such that the following holds. For any time-constructible, non-
decreasing T : N — N, T'(n) > n, and every L € NTIME[T'(n)] N coNTIME[T (n)], =,y € {0,1}" and
teN,

K" (2 | y) < nK"E (x| ).

Specifically, restricting query length to at most £ € N, for every z,y € {0,1}" and t € N,
KO (2| y) < nKBE<t (| ).

Proof. Let L € NTIME[T'(n)] NcoNTIME[T'(n)], z,y € {0,1}*, and t € N. Define k = nK*L(z | ), and
let IT € {0, l}k be a program that non-deterministically outputs z in time ¢ given y and oracle access to L.

We now simulate the program II without oracle access to L. To do this, whenever II makes a query g €
{0,1}* to L, we non-deterministically guess an answer (“yes” or “no”) along with a witness wq € {0, 137
certifying that answer. Since L € NTIME[T'(n)] NcoNTIME[T'(n)], each such guess can be verified in time
poly(T'(¢)). Whenever the verification fails, halt with L being the output. This yields a nondeterministic
program of size at most |II| + O(log t) that outputs z in time poly(t + T'(¢)) given y (without oracle access
to L). Therefore,

nKEFTOX (1] ) < nKbE (2 | y) + ¢ - loglog t

for some constant ¢ > 0, as desired. ]
Again, as a corollary of Lemma 3.5, we get the following.

Corollary 3.6. For every L € NP N coNP, there exists a constant ¢ > 0 such that for every z,y € {0,1}",

nKt(z | y) < c-nKtE(z | y).
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3.2 mK

We prove that the success probability of rnK) can be amplified, a task that is non-trivial if we start with
a probability of success ¢ that is not noticeably larger than 1/2. For randomized notions of Kolmogorov
complexity such as rK’, success amplification in this regime can be achieved using standard hashing-based
techniques. However, in rnK! we have both randomness and nondeterminism, and must ensure that a good
choice of the randomness leads to a nondeterministic encoding that never outputs the wrong string. This
creates an additional difficulty and requires a modified construction.

To achieve success amplification for rnK®, we use an idea from [BLvMOS5]. Roughly speaking, on top
of the hashing-based framework for success amplification, we also consider the average number of positive
NP queries. Then, using a frequency analysis and concentration bounds, one can prove that when we take
enough samples, with high probability the number of wrong NP-oracle answers is small. The technique
essentially allows one to reduce the argument to that of randomized time-bounded Kolmogorov complexity,
i.e., when nondeterminism is not present.

Lemma 3.7 (Success Amplification for rnK"). For any oracle O, any time bound t € N, any €, € (0,1)
and any strings x,y € {0, 1}* such that |z| + |y| < t, we have

log(1/¢)/6),0 o)
mKEC LR/ 11 4y < mKEC (2 | y) + log p(t log(1/¢) /6).
Proof. Let M be the program for rn K?O(:L‘ | y). By definition, we have

Jw € {0,1}¢, M®(y,r,w) outputs z in ¢ steps, s
r :
ety |Yw € {0,1}, MO (y, r,w) outputs x or L in ¢ steps. |

For any string r € {0, 1}, define a string s, € {0, 1}™, such that the 7’th bit of s, is 1 iff there exists some
w € {0, 1}* such that the i’th bit of M (y,r,w) is 1. In other words, s, is the bit-wise OR of outputs on all
computation paths when the random string is 7. We also define d,. € [0, 1] as

For any A € (0, 1), define A, as

Ay = {s e {0,1}"

Pr[sr:s]z)\}.

U
By definition, x € As. We take k independent samples 71, ..., 7, ~ U;. The following claim is crucial to
our proof:
Claim 3.8. For k = {w—‘, with probability at least 1 — € over r1,...,7, ~ Uy, the following

three conditions hold:
(i) |{i € [K] | s, = 2} > 5.

- s
{i € [k]] s, =/} < %,

(ii) For any string x' ¢ Ags,

drl ++d'rk a|

(iii) | "1

)
< 39n-
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Proof of Claim 3.8. Since Pr,.y,[sr = x] > 9, by Chernoff bound, the probability of Item (i) being vio-
lated is at most

Pr [|{z’e K] | s, = 2} ggk] < exp (—2k-2> <

7”1,...7T‘kNut

Similarly, the probability of Item (iii) being violated is at most

P I
. [ k = 32n 102472

T1 eyl U

For Item (ii), let 2’ be any string in {0,1}" \ As/16. Then we have Pr,q,[s, = 2] < 6/16. Then by
Chernoff bound, we get
Pr {ie€[k]|s —x'}|>§k‘ <ex Qkﬁ < S.gmn
e A AR I 64) =3 %
Applying union bound over all 2’ € {0,1}" \ A;/16, the probability of Item (ii) being violated is at most
/3. Applying union bound over Items (i) to (iii), these three conditions hold together with probability at
least 1 — €. o

Notice that [As/3| < 8/5. Applying Lemma 4.3 to Aj/s, there exists a string u € {0, 110 log(n/0))
such that the algorithm B(1™, ) runs in poly(n) time and outputs a circuit that computes a function H :
{0,1}" — {0,1}000e(1/9) satisfying H(x) # H(x') for every distinct pair z,z’ € As/s- Then our
algorithm for recovering = works as follows:

(a) Setk = {w-‘ , and take k independent samples 71, ..., r; ~ U;.

(b) For each i € [k], non-deterministically guess n strings w; 1, ... w;, € {0, 1}t. We then compute
Sr; € {0,1}", where the j’th bit of §,, is 1 iff the j’th bit of MO (y,r;, w; ;) is 1. We also compute
dy, == w(Sy,)/n, where w(-) is the Hamming weight of a string.

(c) Set the threshold a = [k(d — %)] Ifd,, +---+d,, < a,then outputs L and halts.

(d) Let A be the set of strings appearing at least L% - k| times in §,,,..., 5, . If there exists a unique
string & € A such that H (Z) matches the stored hash value H (z), outputs Z; otherwise outputs L.

Notice that we only need to store (M,n,k,a,u, H(x)), which takes |M| + O(log "1%(1/5)) bits. The

running time of the above algorithm is also bounded by poly(%(l/g)). It remains to estimate the success

probability.

Claim 3.9. If the random strings r1, . . ., v, sampled by our algorithm satisfy Items (i) to (iii) of Claim 3.8,
then

1. For all nondeterministic guesses {wj, j}ie[k} _j€[n]> our algorithm either outputs x or L; and
2. There exists some nondeterministic guess {w;, j}ie[k}, je[n] Such that our algorithm outputs x.

Proof of Claim 3.9. We first prove Item 1. If the algorithm reaches step (d) of the algorithm, then we have

5 5 - 0
dpy +- - 4dey >k d———|.
P ( 32n>
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But since 71, . . ., 7} also satisfies Item (iii) of Claim 3.8, we have

6
< — .
dyp, + -+ dy, _k<d+32n>

Subtracting the two inequalities, we get

By averaging argument, we get

.1 Sk
e k] |dy, —dp, > — b <=
{remfa. -} <5

Since dr, counts the number of 1 in the bitwise OR of all computation paths, dy, > dAm and if d,, = Cif,«i,
then s, = 5,, must hold. Also beczluse dy,, d,, are both multiples of 1/n, d,, # d,, implies d,, —d,, > 1/n.
Therefore s,, # §,, implies d,, — d,, > 1/n, and we get

. . ok
i € k]| sr # 30} < 1 2
By Item (i) of Claim 3.8, we get
. ok
i € K] s, =} = 5 ()

Combining Equations (2) and (3), we get

0k 0k 7ok _ 30k
Therefore, by step (d) of the algorithm, z € A holds. Also, by Item (ii) of Claim 3.8, for any =’ & A /8> We

have 5k
i e [k] | s, = 2"} < . *)

Combining Equations (2) and (4), we get
0k o0k 50k 30k

e[kl 5, ="} < —+— =" .
el 5, =}l < 450 =2 < =

Therefore, by step (d) of the algorithm, 2’ ¢ A holds. Thus we get AC As/s- By Lemma 4.3, we can
always find the correct x in step (d).

We have shown that whenever the algorithm reaches step (d), it always outputs . Therefore to prove
Item 2 of the claim, it suffices to show that there exists some {w; ; }z‘e[k], je[n) such that the algorithm reaches
step (c). In fact, since s,, is the bitwise OR of all computation paths, there exists some {w; ; }z'e[k} ,j[n]> such
that for all i € [k] we have s,, = §,,, which implies d,, = dn.. In this case, Item (iii) guarantees that our
algorithm reaches step (d). o

Therefore the success probability is at least 1 — € by Claim 3.8, which finishes our proof. O

Lemma 3.10. For every L € NP, there is a a constant ¢ > 0 such that for everyt € N, A € (0,1), and
x? y E {07 1}*y
me\c/t(l" |y) < rKf\’HL(x | y) + ¢ - logt.
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Proof. Letz,y € {0,1}* and t € N, and define k = rK"/l4 (2 | y). Then there exists a program IT € {0,1}"
such that for a \ fraction of € {0,1}", II, when run on (y; ) with non-adaptive oracle access to L, can
non-deterministically output x in time ¢.

Fix any good 7 such that the above holds. Then, as in the proof of Lemma 3.3, one can eliminate the
oracle access to L by hard-coding the number p of positive answers to the oracle queries made by II, and
non-deterministically guessing witnesses (of length at most poly()) for each query. Simulate I1, attempting
to answer the queries using these witnesses: if a witness verifies, answer “’yes”; otherwise, answer ’no.” At
the end, verify that exactly p witnesses were accepted.

Note that in the above, the additional advice p depends on the randomness r, and therefore we cannot
have a single advice string that works for all good choices of . However, such advice can be encoded using
at most log ¢ bits. Then for any good r, if we uniformly pick an advice string from {0, 1}!", the program
can successfully output = in a nondeterministic manner as described above. It follows that there exists a
program, which includes the description of IT and has size at most |II| + O(log t), such that with probability

at least
1

A 210gt

= \/t,
over r ~ {0, 1}t and p ~ {0, 1}1°gt, it outputs x non-deterministically in time poly(¢). This concludes the
proof. O

Lemma 3.11. There is a constant ¢ > 0 such that the following holds. For any time-constructible, non-
decreasing T : N — N, T(n) > n, and every L € NTIME[T'(n)] N coNTIME[T(n)], =,y € {0,1}" and
teN,

mKT® (2 | y) < mK (2 | y).

Specifically, restricting query length to at most £ € N, there is a constant ¢ > 0 such that for every x,y €
{0,1}" and t € N,
KT (1 | ) < mKEE<e (2 | y).

Proof Sketch. The proof is similar to that of Lemma 3.5. It relies on the idea that, given a nondeterministic
program with oracle access to a language L € AMTIME[T'(n)] N coAMTIME[T'(n)], one can eliminate the
oracle by guessing an answer to a query along with a witness certifying that answer, and then verifying the
answer efficiently in time time poly(7'(n)).

The main difference here is that L lies in L € AMTIME[T (n)] N coAMTIME[T'(n)], so the verifiers
are randomized. However, using standard error reduction techniques, we can ensure that all the verifications
(of which there are at most t) have perfect completeness and soundness error at most O(t~2), within time
overhead of O(logt). Then, by union bound, the overall success probability of the simulated program is
at least 2/3 — O(t~!), which can be amplified back to 2/3 using Lemma 3.7 at the expense of constant
overhead. O

Corollary 3.12. For every L € AM N coAM, there is a constant ¢ > 0 such that for every z,y € {0,1},

mKt(z | y) < c-mKth(z | y).

3.3 pnK

Lemma 3.13. There is a constant ¢ > 0 such that the following holds. For any time-constructible, non-
decreasing T : N — N, T'(n) > n, and every L € NTIME[T'(n)] N coNTIME[T(n)], =,y € {0,1}" and
teN,

pnK? (" ( | y) < pnK"E(z | ).
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Specifically, restricting query length to at most £ € N, there is a constant ¢ > 0 such that for every x,y €
{0,1}* and t € N,
pnKHTO (@ | ) < pnKbE<t (x| y).

Proof Sketch. The poof can be easily adapted from that of Lemmas 3.5 and 3.11. We omit the details
here. [

Corollary 3.14. For every L € AM N coAM, there is a constant ¢ > 0 such that for every z,y € {0,1},
pKt(z [ y) < ¢ pnKt"(z | y).

Lemma 3.15. For every oracle O and every language L that is hard for N PO under deterministic polynomial-
time reductions, there exists a constant ¢ > 0 such that, for all z,y € {0, 1}* andt € N,

pKI L (2 | y) < pnKEO (2 | y) + ¢ - log t.

Proof. The proof follows the same idea as Lemma 3.1. Let k& = pnK“®(z | %), and suppose that with
probability at least 2/3 over 7 ~ {0, 1}, there exist I € {0, 1}* such that, on input (y;) and with oracle
access to O, II non-deterministically outputs x within time ¢.

Let Ly € NP© be the following language:

LO = {(H7 Y, ia 1t7 171)

Jw € {0,1}" such that TI® (y; w; r) outputs a string
x € {0,1}" within time ¢ and the i-th bit of zis 1. |

Then, with probability at least 2/3 over r ~ {0, 1}t, given (II,y, 7, t,n) as above hard-coded, one can
recover the string x within time poly(¢) given oracle access to Lg. In particular, one can simply query
(I1,y,r,4,1%,1™) to Lg for every i € [n] and return the concatenation of the answers from the oracle. By
definition of I and ¢, this process is guaranteed to output x.

Lastly, for any N PO—complete language L, we may replace the Lg-oracle with an L-oracle by simulating
the reduction from L to L. This increases the time to produce x by at most a factor of poly(¢).

Overall, we have

pKPOYIL (3 | y) < |(TT, ¢, m)| + O(log )
< || + O(log t)
= pnK"C(z | )) + O(logt),

as desired. 0

Corollary 3.16. For every oracle O and every language L that is hard for NP® under deterministic ¢
polynomial-time reductions, there exists a constant ¢ > 0 such that, for all z,y € {0,1}",

pKt"(z [ y) < ¢ pnKt(z | y).

4 Unconditional Lower Bounds for Estimating Complexity

4.1 Hardness of MnKtP

In this section we prove the moreover part of Theorem 1.1, from which the main part follows directly.
We first define our technical tool: rK, but with restricted length of random bits.
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Definition 4.1. For any oracle O, any time bound ¢ € N, any length r € N, any real number 6 € [0, 1], and

any strings z,y € {0, 1}*, we define rth;T)’O(m | ) as

Ko L) =nin {1

Pr [M° = zintsteps] >4 .
wN{OI,‘1}T[ (y,w) =z in ¢ steps| > }

We use rth;T)’OS’ (z | y) when M only make queries to O on strings of length at most /. We may omit the
conditional string y when it is empty, simplify (¢; ) to ¢ when r > ¢, and omit § when 6 = 2/3.

4.1.1 Randomness Efficient Success Amplification for rK

In this section, we show how to amplify the success probability of rK with only 2 times randomness
used.

Lemma 4.2. For any oracle O, any time bound t € N, any lengthn, m,r,l € N, any real number 6 € [0, 1],
and any strings x € {0,1}",y € {0, 1} satisfying n + m < t, we have

rKg;j;"y“/é)Q”’OSl(x | y) < KO (2 | ) + Olog n/d).

Our proof is similar to [LO21], but to save randomness, we use the pairwise independent sampling trick.
We then use the following string isolation lemma ([LO21, Lemma 15]), and save the correct hash value of
x.

Lemma 4.3 (String Isolation Lemma [LLO21]). There is a deterministic algorithm A for which the following
holds. For any set W C {0,1}" of size I, there exists a string u € {0, 1}°0°2(D) sych thar A(1", ) runs
in poly(n) time and outputs a Boolean circuit that computes a function H : {0,1}" — {0,1}°0080 yyjzh
the following property:

H(w) # H(w') for every distinct pair w,w' € W.

Moreover, the same guarantee is achieved by a random string u of the same length with probability at least
0.99.

Proof of Lemma 4.2. Let s = rth;T)’OSl (z | y), and let M be the corresponding program. Let A be the
algorithm of Lemma 4.3. For any set 7' C {0, 1}", we define pr as

pr = Pr [Moél(y, w) outputs some z € T int steps] .

wn~Up

And for any vy € {0, 1}, we define S, as
Sy ={z€{0.1)" | ppzy 27}

One can easily see that |.S,| < 1/p. Now applying Lemma 4.3 to S; g, there exists a string u € {0, 1}0logn/9)
such that A(1™, ) runs in time poly(n) and outputs a Boolean circuit computing a function H : {0,1}" —
{0,1}0001/9) "guch that

H(z) # H(Z') for every distinct pair z, 2’ € Sg/s.
Our description is (M, A, u, H(z)). Our algorithm B that recovers x from the description runs as follows:

1. Set k = 256/52. Sample a,b ~ U,, and compute w; = a - i + b for i € [k], where the addition and
multiplication are done in GF(2").
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2. For each i € [k], we run M9P<!(y, w;) for t steps, and let z; be its output. (If it does not halt within ¢
steps or the output is not of length n, we set x; = L.)

3. Let S’ be the set of strings appearing at least g - k times (ignoring 1) in {z; }ic[x-

4. Run A(1™, u) to obtain the circuit C. Compute C'(z’) for every string ' € S’. Output the first string
2’ such that C(z') is equal to the stored H (z). (If no such string exists, output _L.)

Clearly the above algorithm runs in time poly(¢/9), and only uses 2r random bits when sampling a, b. It
remains to argue about the probability of outputting x. We will use the following claim.

Claim 4.4. With probability at least 2/3 over a,b ~ U,, we have
1. x €8’ and
2. 8" C Sys

Proof of Claim 4.4. For every set of strings 7" C {0, 1}" and every ¢ € [k]|, we define a random variable
Vir € {0,1} such that V; 7 = 1iff z; € T. By properties of finite fields, {w; };c[z) (and hence {z;};c[k))
are identically distributed and pairwise independent. Therefore, for any fixed 7', the random variables
{Vi,T}ie[k] are also identically distributed and pairwise independent. From our assumptions on x, we have
P{z} = 0, so the expected value of V; 1,1 is at least § for every i € [k]. By Chebyshev’s inequality, we get

Zk:V- S0 Var[SF Vi 0] o _kpwy 4
T =0T (kppay — 0k/2)2 T K22, /4 T ko

That is, the probability of = ¢ S’ is at most §/64. Next, we need to argue that with constant probability,
S’ is contained in S /85 1€ S’ does not contain any string of m. First, we divide % into d disjoint
buckets By, ..., Bg, such that pp, € [§/8,6/4] holds for every ¢ € [d — 1]. This can be done by putting
the strings of Sy /5 into buckets one by one, and whenever the total probability of the current bucket exceeds

0
< —
Pr 7k ®)

d/8, we add a new empty bucket. Since py,y < /8 for any x' € S /8- the total probability of each bucket
is in [0/8,9/4] except for the last one, which might be smaller than 6/8. Now for each bucket B;, by
Chebyshev’s inequality, we have

k

ZW,BJ- Zg'k

i=1

Var[SF v k
ar[ZleB]< PB; i<i ©

P
g (kps, — 0k/2)2 ~ k262/16 ~ ko — 64

Since for each ¢ € [d — 1], pp, > 0/8 holds, we have d < 8/5 + 1 < 16/5. Applying union bound to
Equation (6), we get

Pr

B

(5 1)
) 0 0
Jj € [d] s.t. g Vi.B 2 ] 61 -d <

Since each string 2’ in S /8 belongs to some bucket By, if " appears more than §k /2 times, then B; appears
more than % /2 times. Hence we can estimate the probability of S" ¢ Ss /8"
k]

k

r (S & S5/s] = Pr |32’ € S5 s.t. Zv{x >

r |37 € [d] s.t. ZV

[\D\o«.

5

AN
|

)
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Applying union bound to Equations (5) and (7), with probability at least 3/4 — §/64 > 2/3 over a, b ~ U,,
both Item 1 and Item 2 are satisfied. o

Now with probability at least 2/3 over a, b ~ U,, we have both z € S” and S” C S;/5. Conditioning on
this, by Lemma 4.3, H(x) # H(2') for any 2’ € S’ \ {x}. Therefore, with probability 2/3, the algorithm
B can always find the correct x. 0

4.1.2 Reconstruction from Oracle Access to Dense Language

Lemma 4.5. There exists some constant C € N such that the following holds. For any b € N and any
language L satisfying |L N {0,1}"| > 27 /n® and any strings x,y € {0,1}*, let ny = |x| and no = |y|, and
n = ny + na. Then for any mi, mo € N satisfying

my < rK(nGb;C.n),LS;n (l’ ‘ y) —C- 10g3(nb),

my < KTHOTLEon () — O log? (),
we define G1, G to be the PRG of Lemma 2.27, with parameter ¢ = 1/2n":

G1:{0,1}™ x {0,1}% — {0,1}™,
Go : {0,112 x {0,1}% — {0,1}™=.

Then there exists z1 € {0,1}%, 25 € {0,1}2 such that G1(x, z1) o Ga(y, z2) € L.

To prove this lemma, we need the following corollary regarding rK upper bound, which comes from the
reconstruction procedure of Lemma 2.27.

Corollary 4.6. For sufficiently large n,m € N such that m < 2n, and any € € (0,1), let G be the generator
of Lemma 2.27. Consider any string x € {0,1}", oracle O, parameters |,n',t € N, string y € {0,1}",
and algorithm B : {0,1}™ x {0,1}" x {0,1}"" — {0, 1} running in time t. If it holds that

Pr [BOSL(G(.@; 2),y,w') = 1] — Pr [Boﬁl(w,y,w’) = 1] > 2e,
z~Uyg welpm
w'~U,., w/NUT/

then we have
AP /FOU M) O 1| y) < m -+ | B| + O(log(n2),

where | B| is the description length of B.

(poly(t/€);0(r'+m)),0<;

1/poly(n/e) (‘T ’ y) <m-+ ‘B’ + 0(10g3(n/€))

Proof. By Lemma 4.2, it suffices to show that rK
By Markov’s inequality, we have

Pr | Pr [BOSZ(G(:I:;Z),y,w') =1] - Pr [Boﬁl(w,y,w') =1]>¢| >

w'~U,. | 2~ Uy w~Um

That is, with probability at least & over w' ~ Uy, Dy (-) := BO<i(-,y,w') is a e-distinguisher for G.
Therefore by Lemma 2.27, we have

1
P Dur (A x> -
Wl [R7 (Al 2), 20) = 2] 2 poly(n/e)
w~U,
z2~Uyg
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By averaging, there exists some z € {0, 1}% such that

1
Pr [RPv(A(z,2),z,w) =z] > ————.
winld, [R7 (Al 2), 2,0) = 2] 2 poly(n/e)
w~~Uy
Therefore, we can store z, A(z, z), as well as the description of R and B. Then given y and oracle access
to O, by sampling w’ ~ U, and w ~ U,, we can simulate RPw' (A(x, z), z,w) in time poly(t/c) and
recover x with probability 1/poly(n - t/e). Since r = O(m), this gives

oly(t/e);0(r'+m)),0
KENDOU MO (| ) < i 1 B] + O(1og (n/<).

Applying Lemma 4.2 completes the proof. O

Proof of Lemma 4.5. For the sake of contradiction, assume the contrary. Then we have

Pr [Gi(z;21) 0 Ga(y; 22) € L] = 0.
21U,y
ZQNZ/{d2

Notice that when C'is a large enough constant, m; < nj and my < ng holds. Hence by our assumption on

L, we have
1 1 1
Pr [wjowy e L]> > ;=
w1~ U, (m1+m2)® — (n1+n2)" n
wQNqu

Then by a hybrid argument, we either have

1
P Ga(y; € Ll— Pr [Gi(x; Go(y; e L] > ,
wlwg{“ml[m o Ga(y; z2) € L] z1~25d1[ 1(z521) 0 Galys 22) € L] 2 5
Z‘ZNZ/{dQ Zy"’udg
or
P ell— P Go(y; €L >—.
w1~1/11‘m1 [wl o ] w1~1/11‘m1 [wl ° Q(y 22) ] — 2nb
wQNUm2 Z2NUd2

For the former case, given y and oracle access to L, there exists a uniform algorithm that 1/2n°-distinguishes
G1(x;Uy,) from U,,, in linear time using linear randomness: given a string s € {0,1}", it samples
z9 ~ Ug,, and accepts iff s o Ga(y; 22) € L, which can be checked with oracle access to L on length
m1 + ma < 3n. Hence by Corollary 4.6, we have

rK (Poly(n?);0(n)),L<sn (z]y) <mi+ O(logS(nb)).

But by definition, m; = (K (7 5Cn) Lesn (z | y) — C - log®(n?), hence when C' is a large enough constant,
we have a contradiction.

Similarly, for the latter case, given oracle access to L, there exists a uniform algorithm that 1/2n’-
distinguishes G2(y; Uy, ) from U, in linear time using linear randomness: given a string s € {0, 1}™2, it
samples wy ~ Uy, , and accepts iff w; o s € L, which can be checked with oracle access to L on length
m1 + mo < 3n. Hence by Corollary 4.6, we have

rK(p°|Y(”b)§O("))ng3n (y) < ma + 0(10g3(nb))

But by definition, mo = (K ("0 ). Lesn (y) — C - log®(n®), hence when C is a large enough constant, we
have a contradiction. O
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4.1.3 Derandomizing rK”

Lemma 4.7. There exists some constant C' such that the following holds. If there exists ¢,y € (0,1) such
that a language L satisfies the following three properties:

1. L € NTIME[2:"] N coNTIME[2:7],

i

2. Ve e L nKt(z) >~ |z

3. ¥neN, LNn{0,1}" # 2,
then for all large enoughn, m € N, any [, t,r € N and any strings x € {0,1}",y € {0,1}™, we have
nKt(z | y) < rKEDLsti(@ | y) + C - (e (n4+m+ 1+ 7+ 1/7) /v + log®(nmlr/~) + logt).

Proof of Lemma 4.7. Letn' = Ci(n+m+1+r+[logt]+[1/7]), where Cy is some constant whose value
will be determined later, and let N = [n//~]. Let G : {0,1}"" x {0,1}¢ — {0,1}" be the pseudorandom
generator of Lemma 2.27, with e = 1/6. Let M) be the program of rK(®™):L<t (1 | 4), such that

Pr [M"<!(y,w) =z int steps] >

w~Uy

W N

Then we claim that given a string with high nKt complexity, we can derandomize rK’:

Claim 4.8. If Cy is some large enough constant, then for any s € {0, 1}V / satisfying nKt(s) > n/, it holds
that !
Pr [M'<!(y,G(s,2)) = w int steps] > 7

z~Uyg

Proof of Claim 4.8. Suppose the contrary. Then it is not hard to see that the following algorithm B(~) with
L; oracle 1/6-distinguishes G(s,Uy) from U, and runs in time poly(¢):

* Bis given as input u € {0, 1}" along with = and y as above.
* Bruns ME<t(y,u) for t steps, and accepts iff it halts and outputs .
Since B only need to store the description of M), by Corollary 4.6, we have
rKPOV(ENDOM) L (5| o yy) <7+ [MO)| + O(log® N') 4+ O(log t)

= r + KDLt | ) + O(log® N') 4+ O(log t)
< O(r+n+log®> N’ +logt).

Because we can store x € {0,1}",y € {0,1}"™, and a “good” choice of O(r)-length randomness for rK, we
get that
KPWEND) Lt () < O(r + n + m + log® N' 4 log ). (8)

Since L € NTIME[2°""] N coNTIME[2°"], we get

nKt(s) < nKpO'y(t'N/'zel)(s) + O(logt + log N’ +¢l)

< nKPWYEND:Lsi(g) 4 O(logt + log N’ + €l) (by Lemma 3.5)
< KPYEN)L<i(6) 4 O(logt + log N + €l)
<O(n+m+1+r+logt+logdN'). (by Equation (8))

35



Notice that

log® N’ < O(log® Cy + log®(n +m 41+ 7 +logt + 1/7) +log3(1/7))
<OCi+n+m+l+r+logt+1/v).
Hence we have nKt(s) < O(C1 +n +m + 1+ r + logt + 1/v). But by our assumption, nKt(s) >

n=C1-(n+m+1+r+ [logt] + [1/7]). Hence when C; is some large enough constant, we get a
contradiction. o

Now let C'; be a large enough constant such that Claim 4.8 holds. We define a non-deterministic algo-
rithm A®) such that, when given the description of M) and y, as well as oracle access to L< N, recovers
z. A¥<N' works as follows:

1. A<’ non-deterministically guesses a string s € {0, 1},
2. A<V checksif s € L, using its oracle access to L< . If s ¢ L, then it outputs L and halts.

3. AL<~' enumerates over every z € {0,1}%, and simulates M <!(y, G(s, z)) for t steps. (Because
| < N', AL<nv can answer the oracle queries by M*<i.) Let {wz}ze{m}d be the output of the

simulations. If there exists some string & appearing more than 2¢~! times in {z.},c {0,134, then
AF<N' outputs #; otherwise it outputs L.

By Claim 4.8, whenever nKt(s) > n/, the majority of {z.},¢f01}a is @. Since for any s € L N {0, Ay,
nKt(s) > v - N’ > n/, for any non-deterministic guess of s, A always outputs either = or L. Because
Ln{o, 1}V "+ & for any N’, there always exists some non-deterministic guess of s such that A outputs x.
Hence by the definition of nK, we have

nKPYZEENDLant (5 | ) < oKE<EED (3| ) + O(log(t - N')). ©)
Therefore we have

nKt(z | y) < nKPol (2N 2%) (]| y) +O(eN'+d+logt)

< nKPOY(EHEN) Loy (x| y)+O(eN"+d+logt) (by Lemma 3.5)
< tKEDL<t (| y) + O(eN' 4 d + logt) (by Equation (9))
< rKEMDL<t(z | y) + O(eN' +1og® N’ + log t) (Since d = O(log® N'))
Replacing N’ by [Ci(n+ m + 1+ 7+ [logt] + [1/v])/~] finishes the proof. O

4.1.4 Iterative Construction of High-Complexity Strings

Combining Lemma 4.5 and Lemma 4.7, we have the following lemma, which we will use to prove
Theorem 1.1.

Lemma 4.9. There exists some constant C' € N such that the following holds. If there exists €,y € (0,1)
and b € N such that a language L satisfies the following three properties:

1. L € NTIME[2"] N coNTIME[25"],

2. Vz e L nKt(z) >v-|z

i

3. VneN, |Ln{0,1}" > 2"/nb,
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and for any strings x,y € {0,1}*, let ny = |z| and ny = |y|, and n = ny + na. Then for any mi, my € N

satisfying
mi < Ke(@ | ) = C- (e - (n+1/7) /7 + log*(n"/+))
ma < nKt(y) — C- (e~ (n+1/7)/7 +log’(n /7))
We define G, Gy to be the PRG of Lemma 2.27, with parameter € = 1/2nb:
G1:{0,1)" x {0, 13" — {0, 13™,
Go : {0,132 x {0,1}% — {0,1}™.
Then there exists z1 € {0,1}%1, 25 € {0, 1}92 such that G1(x, 1) o Ga(y, 22) € L.
Proof. Follows from Lemma 4.5 and Lemma 4.7. O

Proof of Theorem 1.1. We prove the “moreover” part of this theorem, of which the main part is an immediate
corollary. For the sake of contradiction, assume that there exists some language L satisfying the following
three properties:

1. L € NTIME[2°"] N coNTIME[2°"] for any £ > 0,
2. 3y € (1/2,1) such that Vo € L, nKt(z) > v - |z|,
3. 3b € Nsuch that ¥n € N, |L N {0, 1}7?| > 27 /n?.

Then we use the following algorithm to explicitly construct a long string s € L in short deterministic time
with oracle access to L.

Algorithm 1 Iterative construction of long string in L

1: procedure AL (vy,1")

2 s9:=1,Ny:=n, 6 :=n.

3 for s’ € {0, 1}" by lexicographical order do

4 if s € L then

5: 51+ .

6 break

7 v = (y+1/2)/2.

8 fori=2,3,--- do

9: miq = [y'n/v],mig = [7'0i-1/7].
10: N; = mi1 +mi2, & 1= (n + Ni_l)fb/Q.

11: 0; := ’}/Nl

12: Instantiate G : {0,1}" x {0,1}% — {0,1}™1 in Lemma 2.27 with security parameter ¢;.
13: Instantiate G : {0, 1}Vi-1 x {0,1}92 — {0, 1}™2 in Lemma 2.27 with security parameter &;.
14: s; = 1.

15: for x € {0,1}", 2 € {0,1}%, 25 € {0, 1} by lexicographical order do
16: if G1(x;21) 0 Ga(si—1; 22) € L then

17: S; = Gl(x;zl) OGQ(Si_l;ZQ).

18: break

19: if ; > n/(2 — 2v') then
20: Output s;.
21: return

22: Output L.
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Then we have the following claim for the above procedure A%

Claim 4.10. For a fixed v, if € is small enough, then for all large enough n, there exists some integer
io < log./ (1 — 2%,) + 2 such that

1. Foranyi <1y, s; € L, and
2. 0, >n/(2—27).

Proof of Claim 4.10. We need to prove two things: first, for every 7 during the iteration, we can find some
sis.t.s; # L, i.e. s; € L; second, our algorithm terminates at some i, i.e. 6;, > n/(2 — 27/).

To prove the first argument, we use induction on 4. For i = 1, because L N {0, 1}" # &, we can always
find s € L, so s; # L. Then suppose s;_1 # L for some i > 2. Since v > 1/2, by Lemma 4.9, there
exists some universal constant C' such that whenever m; 1 and m; 2 satisfy

m;1 < nKt(a; | 31‘—1) - C- (E(n + Ni—l) + logS((n + Ni_l)b))
mm S nKt(si,l) — C . (s(n + Nifl) + log3((n + Nifl)b),

there exists some z; € {0,1}%, 25 € {0, 1} such that
G1 (m, 21) o GQ(SrL‘_l, ZQ) e L.

By inductive hypothesis, s;—1 € L, hence nKt(s;—1) > 7y|s;—1| = 6;—1. By acounting argument (Lemma 2.21),
there also exists some x € {0, 1}" such that nKt(x | s;_1) > n. Therefore, it suffices to show that

mi1 = [Yn/y] <n—C-(e(n+ Ni1) +log*((n+ Ni1)"))
mia = [70i—1/7] < 0i-1 — C - ((n+ Ni—1) + log?((n + Ni—1)").

Since we did not terminate at i — 1, we are guaranteed that 6,1 < n/(2—2~"), therefore N;_; < W <
4n (By definition v > 1/2 and «' < 3/4). Since 7' /v < 1, if ¢ is small enough (i.e. ¢ < %), then for
all large enough 7, the above two inequalities holds, and we can find z; € {0,1}%, 2, € {0, 1} such that
Gi(x,z1) 0 Ga(x, z2) € L, in other words, s; exists.

To prove the second argument, notice that |s1| = N7 = n, and N; > +" - (N;—1 + n/v). Expanding the
recursion, we get

! Ni—1
Hence we have / .
0; > v (1 — (7) )
11—+
When i — 1 > log.,/ (1 — 2%,) we have 6; > 2%27, Hence the algorithm terminates when i < log. /(1 —
2%/) +2,i.e. ig < log,/ (1 — 2%/) + 2. .

n

The running time of algorithm A% (v, 1™) is bounded by 2" - poly(n) - 20(10g”n) . i and we only need

to store n and . Without loss of generality, we may assume that y = 1/2 4 1/2* for some k € N, and we
can store k, which takes [log 10g(7%1/2ﬂ bits. Also since N;,—1 < 4n, we have N;, < 5n, so A only need
to query L on inputs of length at most 5n. Therefore we have

K2"-poly(n)-20(Ie )"ZO’LSSH(siO) <0 <logn + log log (7_1/2>> : (10)
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Then we have

n O, 3 n y EN
nKt(s;,) < nK? -poly(n)- 2001087 1)-ig-20( )(sio) +n+ O(en + log®n + log i)

n O, 3’)1 -
< K2"poly(n)- 200087 o, Lesy, (siy) +n + O(en + log® n + logig) (by Lemma 3.5)
1
<n+0 <5n + log® n + log o + log log < 1/2>> (by Equation (10))
/‘Y —
1
<n+0(en+log®n+loglog | ——— | |. (11)
v—1/2

Where the last inequality is true because ig < O(log ﬁ), which follows from ip < log./(1 — 2%,) +2
(Claim 4.10), v = (v + 1/2)/2 and 1/2 < v < 1. However, on the other hand, we know that s;, € L,

hence we get
nKt(sig) > 7 - Isio| = 0ig > /(2 = 27). (12)

Since 1/(2 — 27') > 1 and g < log./(1 — 2%/) + 2, when ¢ is small enough (i.e. £ < % where

1(

(7 is the constant hidden by the big O of Equation (11)), for all large enough n, Equations (11) and (12)
contradicts each other. ]

4.1.5 Limitations of the Iterative Construction for v < 1/2

We believe the statement is also true for 0 < v < 1/2. However, our technique only works for v > 1/2.
In order to see this, recall that we iteratively construct a string s in time 2(1T°(1)” guch that nKt(s) >
(1 + (1)) - n, resulting in a contradiction. But by the iterative construction, we are only guaranteed that
nKt(s) > (v +~v%+93+--+)-n—o(n), which is upper bounded by ﬁ -n—o(n). Hence when v < 1/2,
% < 1, and we don’t have nKt(s) > (1 + €2(1)) - n, so the proof does not work here.

A more intuitive explanation to this barrier arises from the Sol intuition behind this technical iterative
construction (see Section 1.3). In the setting of a dense language L C R kq[,.], We are able to prove that

nKt(z,y) > v(nKt(z | y) + nKt(y)) — Cen

by reconstruction (Lemma 4.5) and derandomization (Lemma 4.7). This degrades to a trivial inequality
when v < 1/2, since

nKt(z,y) > max{nKt(z), nKt(y)} > max{nKt(z | y),nKt(y)} > = (nKt(z | y) + nKt(y))

N

holds unconditionally. Thus the derived Sol inequality does not seem helpful. On the other hand, the
statement is non-trivial when v > 1/2, and it is strong enough for us to derive a contradiction from it.
4.2 Hardness of Gap-MrnKtP

In this section, we prove the “moreover” parts in Theorem 1.2. These parts are strengthened versions of
the plain complexity lower bounds for Gap-MrnKtP in Theorem 1.2. To see this, we observe the following
simple lemma.

Lemma 4.11. Let 0 : N — N be such that 6(n) < n — 1 and C be a complexity class. Suppose for every
dense language L C Rynky(g(n)), it is the case that L ¢ C. Then Gap-MrKtP[0(n),n — 1] & co-C.
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Proof. We prove the contrapositive. Suppose Gap-MrKtP[#(n),n—1] € co-C. Then there exists a language
Ly € co-C that is consistent with Gap-MrKtP[¢(n),n — 1], in the sense that for every z € {0,1}": if
mKt(z) < 6(n), then z € Ly, and if rnKt(z) > n — 1, then = ¢ L.

Let L be the complement of Lo. Note that L € C. Moreover, by construction, L C Rktjg(n))- Finally,
note that L is dense, since L,, contains the set {z | rnKt(xz) > n — 1}, whose size is at least 2" /2 by
Lemma 2.21. O

4.2.1 Exponential AMTIME N coAMTIME Lower Bound via Iterative Construction

In this subsection, we give proof to Theorem 1.2, Item 1. The plan is similar to the proof of Theorem 1.1,
where we break reconstructive black-box PRG (See Lemma 2.27) under easiness assumption of L, then
iteratively construct a long string in L to derive contradiction. It shares same technical barrier v > 1/2 with
Theorem 1.1, as discussed in Section 4.1.5.

Lemma 4.12. Fix any ¢ > 0,1/2 < v < 1, any L C Rynkefyn) Satisfying [Ln| > 2"/n, there exist
constant C, Cy > 0 establishing the following.

For all sufficiently large ny,no € N and any string x € {0,1}",y € {0,1}"2, we fix any my,mg € Z
such that

ml S rK(n1+n2)cle§2n1+2n2 (w ‘ y) _ 02 10g3(n1 + nz),

m2 S rK(n1+n2)cl7L§2n1+2n2 (y) _ 02 10g3(n1 + n2)

Let m := my1+ma. If m1, mg > 0, for any pseudorandom generators G1, G instantiated from Lemma 2.27
with parameters ¢ == m~°"'/2 and

Gy :{0,1}™ x {0,1}% — {0,1}™,
Go : {0,112 x {0,1}% — {0,1}™2,
there exist z; € {0,1}%, 25 € {0,1}% such that
G1(x;21) 0 Ga(y; 22) € L.
Proof. For the sake of contradiction, assume the contrary, i.e.,

Pr [Gi(x;21)0Ga(y;22) € L] =0.
ZlNudl
29~ Uq,,

By density assumption on L, we have

Pr [wiows € L] > —.
U)1~Z/fm1 m¢
w2Num2

We consider two cases: either

Pr Ga(y; el] <
w1 ~Unm, ot © Ga(y; 22) I= 2me’
za~Ud,

or
Pr [w;oGa(y;22) € L] >

w1 ~L{m1 2me
z2~Uq,
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For the former case, we design D’ as follow: Given a string s € {0, 1}™2, it samples w; ~ U,y,, and
returns whether w; o s € L. Note that m; < 2n1,mo < 2n9, we have query length here bounded by
2n1 + 2ng, as well as m < poly(ny + nsa),e ! < poly(ny + na).

We can easily see that D¥ e-distinguishes G2 (y; Uy, ) from U,,, in O(m) time. Applying Corollary 4.6
on (G2, we obtain

rKPOY(m/e)Lons 12ms (1)) < gy + O(log®(na/e)) = ma + O(log?(n1 + n2)).

But by definition, mo = rK (M1+12) 91 L<on, an, (z | y) — Cy 10g3(n1 + ng2), hence when C7, Cy are large
enough constants, we have a contradiction.

Similarly, for the later case, we design D¥ which e-distinguishes G (z;Uy, ) from U,,, in polynomial
time: On s € {0, 1}, it samples zo ~ Uy, , returns whether s o G2(y; z2) € L. Hence by Corollary 4.6,
we have

rKPoly(m/e),L<an +2n, (z | y) < m1 + O(log®(ny + ny)).

But by definition, mg = pK (11+72) 1 L<zn +any (z | y) — Cylog®(ny + ny), we then obtain a contradiction
when (', Cy are large enough. O

We aim to derive contradiction from Lemma 4.12, as in the proof of Theorem 1.1, which finishes the
proof of Theorem 1.2, Item 1.

Proof of Theorem 1.2, Item 1. Fix ¢ > 0,1/2 < v < land L C Rk
sake of contradiction we assume that

+n] such that [L,| > 2"/n¢. For

L € AMTIME[2"] N coAMTIME|[25"]

for any € > 0. Similar to Lemma 4.9, we use the following algorithm to explicitly construct a long string
s € L in short deterministic time with oracle access to L.

Algorithm 2 Iterative construction of long string in L

1: procedure AL (y,1")

2 S0 := 1L, Ny :=n,0; :=n.

3 for s’ € {0, 1}"™ by lexicographical order do

4 if s’ € L then

5: 51+ .

6 break

7 v = (y+1/2)/2.

8 fori=2,3,--- do

9: miq = [y'n/v],mig = [9'0i-1/7].

10: N; = mi1 +m;2,& = Ni_c_l/Q.

11: 0; := YN;.

12: Instantiate Gy : {0,1}" x {0,1}9 — {0,1}™1 in Lemma 2.27 with security parameter ¢;.
13: Instantiate G : {0, 1}"i-1 x {0,1}92 — {0, 1}™2 in Lemma 2.27 with security parameter &;.
14: s; = L.

15: for z € {0,1}", 21 € {0,1}%, 2, € {0, 1}92 by lexicographical order do

16: if G1(x;21) 0 Ga(si—1; 22) € L then

17: S; = Gl(a?;zl) OGQ(Si_l;ZQ).

18: break

19: if 6; > n/(2 — 2v') then
20: Output s;.
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21: return
22: Output L.

We hereby analyse behaviour of A”.

Claim 4.13. For any 1/2 < «y < 1, there exists i* € N such that for all sufficiently large n € N, A (y,1™)
outputs in 07(2”+O(10g3 ™)) time the string sy # L with mKt(s) > n/(2 — 2v'). Here, the constant factor
hidden in big-O notation depends on =y, but can be fixed when +y is fixed.

To prove Claim 4.13, we prove the following crucial statement.

Claim 4.14. Fix any 1/2 < v < 1, for all sufficiently large n € N, the following holds for all i € N: On
input (y,1"), either s; # L is produced successfully, or the algorithm terminates with output s; for some
J <.

Proof of Claim 4.14. We prove by induction. For ¢ = 1, since L is dense, it is guaranteed that L,, # (), and
s1 is the lexicographically smallest string in L.

Now assume for ¢ > 2, we have s; € L and 6, < n/(2 — 2v/). We aim to prove that algorithm
successfully finds s;1+1 € L. Since we are considering sufficiently large n, we omit some detailed discussion
on inequalities when they hold asymptotically with respect to n and V;.

By induction assumption, rnKt(s;) > vN; = 6;. Let C1,C> > 0 be the constants from Lemma 4.12.
Applying Lemma 3.11, there exists ¢’ > 0 such that

mKt(s;) < mKOAN)TTN29E N (o 4 de (4 4+ AN;) + Olog(n + Ni))
< rK(n-l—Ni)Cl,Lan-;—QNi (31) —|—c’€(4n+4Ni) + O(log(n—i—Nz))

holds for any € > 0. Therefore,

rK(n+Ni)Cl7L§4n+4Ni (31) > rnKt(si) . 6/8(471 + 4Ni) _ O(log(n I Nz))
> 0; — de(4n + 4N;) — O(log(n + N;))

holds for any & > 0. Note that, since v > 1/2,~'/v = 1/2 + 1/4v < 1, picking small enough £ > 0 gives
/
miy1,2 = 101 < rK(n+Ni)Cl L<antan; (31) — CQ logS(n + Nz) (13)
Y
By standard counting argument of rK, there exists « € {0, 1}" such that
rK(n+Ni)Cl,L§2n+2Ni (x | Sz‘) >n,

so there exists € {0, 1}" satisfying

/

Mit11 = %n <n—Cylog®(n+ N;) < rK(+HN) Leanan; (z | 5;) — Cylog3(n + NN;). (14)

Combining Equation (14) and Equation (13), we apply Lemma 4.12, which indicates for any sufficiently
large n, A% (y,1") successfully produces s;,1 € L. o
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Proof of Claim 4.13. Fix any 1/2 < v < 1. For any i > 2, observe that if A(~y, 1") produces s; # L, we
will have
0; =~'n+~"0;1,

and 01 = ~yn holds. Simple telescoping gives
i—1 . '
0= > A" +7""y | n.
7=1

Applying v/ < v < 1, we have

i ) 11 _ Ali ‘
R D e D3 PR as)
7j=1

holding for every . Note thaty' = (1+2v)/4 > 1/2, we always have v'/(1—~") > 1/(2—2+), indicating
that there exists I, such that whenever ¢ > I, §; > n/(2 — 2v'). Combining this with Claim 4.14 we can
derive that AL(v,1") terminates with output s;~ € L for all sufficiently large n where i* < I,. Given
L C Rinkify-n)» We have

mKt(si<) > v]si<| = 0« > n/(2 — 29").

The running time is bounded by

0(2") + 3~ 0(2+0008" W +0Mog* Niw1))y — O(9m) 4 37 O(27+008” 1) +00I0g” 0ia /)
=2 i=2
< 0(2") + I - O(27+0Uos” m)+0(og’ (n/(1-7))))

Note that I is independent from 7, the running time is therefore bounded by 07(2”+O(1°g3 ). o

Fix any 1/2 < ~ < 1. For all sufficiently large n, by Claim 4.13, we compute s;« := A”(y,1"). we
have rnKt(s;«) > n/(2 — 2v'); On the other hand, the running time bound given in Claim 4.13 indicates

KL <max {Ny Ng, - Ny} (si+) = O(1),

where ¢(n) = O(2n00e’ 1)) By Equation (15), we have

1
maX{Nl,NQ,'-‘ ,Nl*} = ;max{&lﬁg,--- ,01*} < 1ﬁ7

Therefore,
mK! ) E<n/0-9) (5:.) = O(1).

Applying Lemma 3.11, we have

< K En/a-9) (55.) + 1& +logt(n) + O(loglogt(n)) + O(logn).
-

Substituting t(n) = O(2”+O(log3 ) gives mKt(s;+) < n 4 O(log®n), which contradicts rKt(s;:) >
n/(2 —2v') since v’ > 1/2. O
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4.2.2 AMTIME Lower Bound via Explicit Constructions

We formally state the technical result from [CLL24], which is mentioned in Section 1.3. We begin with
a formal definition of single-valued Arthur-Merlin protocol, which is a natural interpretation from [CLL24].

Definition 4.15. A non-binary public coin protocol (P,V') is defined as follow: On any input x, V, P
interact by constantly many rounds; In the k-th round, V' (the verifier) sends plain uniform randomness
rr € {0,1}" to P; P (the prover) then returns wy, according to x, 71, wy, -+ ,Tk—1, Wk_1, k. After the
last round, V' outputs some string y as answer, which deterministically depends on the whole interaction
transcript (all w;, r;’s) and input x.

Non-binary public coin protocol (P, V') is a single-valued Arthur-Merlin protocol computing {z, }nen,
if there exists [ : N — N such that the following holds for every n € N:

« Conformity: There exists a € {0,1}™ such that (P,V)(1", a;) = z, holds with probability 1
over randomness of V;

* Resiliency: For every ¢, € {0,1}!("™), there exists 3, € {0,1}" such that, for every (possibly with
unbounded computational power) prover P, (P, V)(1",(,) € {yn, L} with probability at least 2/3
over randomness of V.

We refer to [(n) as the advice complexity of (P, V).

Then we present below the main result from [CLL24] regarding explicit algorithms that hits any dense
language in coAM.

Lemma 4.16 (See [CLL24], Theorem 1.3). For every dense language L € coAM and constant k > 1, there
exists {xy, fnen and single-valued Arthur-Merlin protocol (P, V') computing {x,, } nen such that
* Adbvice efficiency: The advice complexity of (P, V) is l(n) = glog!/* n.

* Time efficiency: On input (1", () where |(,| = l(n), V runs in time glog®™n.

* Hitting: For infinitely many n € N, x,, € L.

Note that the original result in [CLL24] works for only languages with half density, i.e., |[L.N{0,1}"| >
1/2. However, it is easy to amplify the density by parallel repetition, sketched as follow: For language L
and some p : N — N, define L' as

Ly ={x|ap.q €L, or -+, O Z{(p(n)—1)-141 : p(n)1] € L, Where l = [[z[/p(n)]}

we can show L € coAM implies L' € coAM. Furthermore, if L only has inverse-polynomial density
(i.e., |L N {0,1}"| > 2™/n®), when p(n) is some appropriately picked polynomial function, we can have
|L' N {0,1}"| > 271, so the original explicit construction result can be applied to obtain single-valued
Arthur-Merlin protocol (P’, V') hitting L. Then we apply log p bits of additional advice to locate the
L-hitting subsection of an L'-hitting output from (P, V").

Then we show that this non-binary Arthur-Merlin algorithm hits coAM properties with strings of small
rnKt complexity.

Lemma 4.17. Let L € coAM be a dense language, then for any k > 1, there exists infinitely many n € N
and z, € {0,1}", such that z, € LN {0,1}" and rKt(z,,) < O(2'e"" ),

44



Proof. Fixany k > 1, define T'(n) = glog®™) " l(n) = 218" 7 There exists s-round single-valued Arthur-
Merlin protocol (P, V') with running time 7'(n) and advice complexity {(n), as described in Lemma 4.16.
We may then assume that for each randomness r; and prover response wj there is |r;| = |w;| = T'(n), and
the verifier only probe a prefix of each.

Define deterministic Turing machine V//(w, ) : {0, 1}*7) x {0,1}*T() — {0,1}" as follow: With n
and o, embedded inside the machine description, V,! prints (1™, a;,) on its tape first, parses 7 = r10--- o7
and w = wy o - - - ow, where 73, w; € {0,1}T(), then simulates (P, V)(1™, a,). When V tosses its random
coin r;, V,! simulates by 7;; When P needs to answer w;, V,, answers by w;.

We then prove that V! satisfies definition of rnKt(z,,). For any prover P and ry,--- ,75 € {0,1}7(%),
denote the output of (P, V') by (P, V)(1™, cv,; ) when V has overall random coin = rj0- - -or,. Regarding
conformity of (P, V), (P,V)(1",an;7) = @, holds for every r € {0,1}*T(), Let w(™ = w; o --- 0w,
where w; is the prover response in the i-th round during the execution of (P, V')(1", cv,; 7). By definition of
V!, VI (w™) 1) = (P,V)(1™, ay; ) holds for every r € {0,1}7, i.e.,

Ll?r [Fw € {0,1}*7™ v/ (w,r) outputs z in s - T(n) steps] = 1.
r~Us. T (n)

By resiliency of V, there exists y,, € {0,1}" such that for any oracle P, Pr[(P,V)(1" «,) €
{yn, L} > 2/3. Fixing P’ to be P, we obtain z,, € {y,, L}, which indicates y,, = z,. To prove by
contradiction, assume

Pr [Fuw™ e {0,1}*T™ V' (w,,r) ¢ {xn, L}] >

rNus»T(n)

Wl

We can then define prover P’ that always answers w[((rill).T(n) 1 T ()] in the i-th round if w(r)( c;,xists anc)l
T T

always answers 07 (") otherwise. With probability at least 1 /3 over r, V receives responses wy ', - - -wg
during execution of (P',V)(1", a,; ) . By definition of V', V' does not output z;,, or L given 7 and those
response. This contradicts the resiliency property and refutes the previous assumption. Therefore,

Z}:’r Vw € {0,1}*T™ V' (w,r) outputs z or L in s - T(n) steps] >
& s-T(n)

[SVRIN )

Since s is constant, we can verify that V! witnesses rnKt(z,,) < O(l) + O(log T'(n)) = O(Qlogl/k ny 4
O(logo(k) n) = 0(210g1/1c ). Recall the hitting property of (P, V'), there exists infinitely many sufficiently
large n € N and 2, € Ly, such that, rKt(z,,) < O(21°8"/" ). 0

We are then ready to prove the central result of this subsection.

Proof of Theorem 1.2, Item 2. Towards contradiction we assume the contrary, i.e., there exists y € (0,1),d >
1, L © R,pke[gioe” ») such that some algorithm A € coAM [21°gd "] decides L, and L is dense.

Applying standard padding argument, we define [(n) = 9log"n and
L'={zoy|zeL " (] +y])] = |}

To decide L' on € {0, 1}", we might first compute m = |I~1(n)], which can be done in poly(n) time
assuming that [ is efficiently computable. Then L’ can be decided in coAM, just by truncating the input into
first m bits and run the coAM protocol in time glog”m — I(m) < n.

By assumption, L is dense, which immediately gives L’ is dense. Applying Lemma 4.17, we can
conclude for any constant k£ > 1 that there exist infinitely many n € N and z,, € L/, such that rmKt(z,) <
O(2logl/k ™). For such z,, we decompose it into z,, = x,, o y,, such that |z,| = [I~!(n)], then
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* By definition of L', given that z, 0y, € L;,, we have z,, € L. Recall that L C R, ky[atox7 n], We have
mKt(zy,) > glog™/"n,
* By definition of rnKt, trivially, we have rnKt(z,,) < mKt(zy, o y,) + O(1) < O(QIOgl/k ).
This gives
210g7/dn < O(Qlogl/k' n)
Note the arbitrariness of & > 1, we take k = 2d/~, then

O(Qlogl/kn) — O(2log7/2dn) < 210g7/dn.

which contradicts the previous inequality. O

4.2.3 Non-Uniform Lower Bound via Near-Maximum Circuit Lower Bounds

From now on we manage to prove Theorem 1.2, Item 3, which begins with some technical tools.

Lemma 4.18. For any language O € AM N coAM and any constant € > 0, there exists a family of multisets
T = {Ts C {0,1}*}sen such that each Ty satisfies | Ts| < poly(s) and the following properties hold:

Efficiency: For all sufficiently large s, we have mKt(T) < 2log® s Here, the multiset Ty with k elements
is represented as a binary string of the form e; 01 e2 01 ... 01 ey, where each e; is a 2s-bit string encoding
an element of T, with each bit duplicated.

Pseudorandomness: For infinitely many s € N, the following holds: for every O-oracle circuit C': {0,1}° —
{0, 1} of size at most s,

Pr [C(@)=1] - Pr[C(z) =1]| <

®» | =

Next, we show Lemma 4.18. We need the following tools.

Lemma 4.19 ([CLL24, Theorem 1.2]). For any language O € AMNcoAM and any 0 < € < 1, (AMEXPN
coAMEXP) /2" ¢ SIZE®[2" /n).

The following lemma gives upper bound on rnKt complexity of truth table decidable in AMEXP N
coAMEXP with short advice.

Lemma 4.20. For sufficiently large n € Nand 0 < ¢ < 1, if f : {0,1}* — {0,1} is computable in
(AMEXP N coAMEXP) /2™, then mKt(tt(f,)) = O(2™).

Proof. We first state a extended version of Lemma 3.11, which handles oracle computed by non-uniform
Arthur-Merlin protocol.

Claim4.21. Forany T, : N — N, T'(n) > n, and every O € (AMTIME[T'(n)|NcoAMTIME[T'(n)])/a(n),
restricting query length to exactly | € N, there is a constant ¢ > 0 such that for every z,y € {0,1}" and
teN,

rnKO(“‘)gt)'T(l)c(a: |y) < rmK 0=t ( | y) 4+ c-logl+ «(l).

Proof Sketch of Claim 4.21. The proof is basically identical to the proof of Lemma 3.11, but the non-
uniform advice required to correctly simulate Arthur-Merlin protocols is fixed in the Turing machine de-
scription, resulting in «([) extra bits. o
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The proof then is a straightforward application of Claim 4.21. Assume there exists k > 0and 0 < ¢ < 1
such that f € (AMTIME[2""] N coAMTIME[2""])/2"". Hence there exists a uniform algorithm /) such
that, with access to oracle f on input length n, it outputs tt( f,,) in time O(2"), so

K= (1t (f,)) = O(1).
By Claim 4.21, we have

n cnk 3 £
mKt(tt(fn)) < mKOE W27 (4 £,)) + O(nF) + 27 = 0(2™),
as desired. ]

As an application of Lemmas 4.19 and 4.20, we get the following.

Lemma 4.22. For any language O € AM N coAM and any constant v > 0, there exists a sequence
{xN}Nen such that the following hold:

* For every large enough N, mKt(zy) < 218"V,

* For infinitely many N that are powers of 2, the string x, interpreted as the truth table of a function
f:{0,1}°8N — 10,1}, has O-oracle-circuit complexity at least N/ log N.
Proof. Lemma 4.19 states that there exists a language in (AMEXP N coAMEXP)/2"" whose truth tables

have nearly maximal O-oracle circuit complexity. Lemma 4.20 then states that each such truth table has
rnKt-complexity at most O (2!°¢” V), where N denotes the length of the truth table. O

We now present the proof of Lemma 4.18.

Proof of Lemma 4.18. The proof combines Lemma 4.22 and Theorem 2.26.

Let O € AMNcoAM. We start by applying Theorem 2.26 with € := 1/2, and let ¢, d be the correspond-
ing constants from the lemma.

Consider Lemma 4.22 with y := /2 and let {x 5 } be the corresponding sequence of strings.

Let s € N. We call s good if there exists a number N such that N is the smallest integer satisfying
s¢ < N < (s+1)¢, and the string x5 has O-oracle-circuit complexity at least N/ log N. Observe that there
are infinitely many good s, and the corresponding N satisfies NV < (s + 1)€.

For each good s, we will apply the function F' from Theorem 2.26 to z 5. Note that the output length of
F(zn,—) is at least N1/¢ > 5. Finally, define

T, i= {Fla, 2) | 2 € {0,175V}

We first argue that T is satisfies the pseudorandom condition for good s. This follows from the fact
that if s is good, then the corresponding x5 has high O-oracle-circuit complexity (as a truth table) and the
security guarantee provided by the pseudorandom generator F' in Theorem 2.26.

Next, we address the efficiency condition. Note that for a (sufficiently large) good s, given the integer
s and the string x, where N is the integer witnessing the goodness of s, we can construct T in time
poly(IN) < poly(s). By the efficiency condition stated in Lemma 4.22, we have

mKt(zy) < 21087V,
It follows that
mKt(Ty) < 218" N 4+ log poly(s)
< 200085)” 1 O(log s)
< 2logs s

as desired. OJ
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Putting it all together, we are now ready to show Theorem 1.2, Item 3.

Proof of Theorem 1.2, Item 3. Towards contradiction, we assume the contrary. That is, there exists v >
0,0 € AMNcoAM, ¢ > 1,d > 1, L C R, kyjgioer n) satisfying

« L can be decided by O-oracle circuit family {C},,cn of size 2log’n.

* There exists N € N such that |L N {0,1}"| > 2" /n°foralln > N.

We instantiate Lemma 4.18 with ¢ := /2, obtain the corresponding family of multi-sets 7' = {7 } sen.
Consider the following algorithm D : {0,1}* — {0, 1} trying to break the pseudo-randomness:

Algorithm 3 A non-uniform algorithm for breaking pseudo-randomness

procedure D(x)

1:

2 = |-

3 m = 2(2/(c=1)-logs)!/(4+1)

4: if m < N then

5: Output 0.

6:  k:=mlD/2

7 if km > s then

8 Output 0.

9: for i € [k] do

10: Compute a; := Cg(a:[(i_l)mﬂ Cim])-

11: if a; = 1 then

12: Output 1.

13: Output 0.

Assume sy € N is large enough such that for every s > sg,z € Ty, rnKt(z) < rmKt(T;) < 210gv/2 s,

whose existence is guaranteed by efficiency of 7. Given that L C R k¢ [plos7 n] © RmKt[QlogV /20> LNT, =

0. Since circuit family {C},,cn computes L, D(z) = 0 holds for any = € Ty. This indicates that, for any
8 2 80,
Pr [D(z) =1] =0.

e~ T

d+1 N

Pick s1 = 9c/2log , we can verify that for any s > s1,

— 2/(e=1)1og )/ 5 ole/(c= 1)/ D10g N Ny

In this case, |[L N {0,1}™| > 2™ /m® by our assumption on S. Furthermore, we have km = m(ct1)/2 =
glog"/ " s-F(e) where F(c) = (2/(c — 1))@+ . (¢ + 1)/2 is universally constant, so we pick sy =
max{16,25("}, which gives

fem, — 2log1/<d+1) s-F(c) < 210g1/(d+1) s-logl/4 s < 210g s < ;
for all s > s9 (the second last inequality follows from d > 1, while the last follows from s > 16). Now for
all s > max{s1,s2} and x € {0,1}%,

k
D(x) = \/ Cn(z(x[(i—l)m—i-l : im])'

i=1
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Therefore,

INI{:Z)E}S[D('%') = } = xwﬁ)ﬂ}s[x[l 1 m)] §é L,--- » L[(k—=1)m+1 : km] ¢ L]

~(Breren) < (1-5)
con(-4).

c—1
k:mk >mcln<1+1>,

km

Given that k = m(cfl)/Q, we have

immediately giving

i < ‘In(1+ 1 ! 1 1 <1 2 <1 L
exp | —— exp | —m°ln — ) — | =1- - S —
P me P km me km+1— s+2 s

In conclusion, for all s > max{sg, s1, s2}, we have

1 1
Pr [D(z)=1]- Pr[D(x)=1]>--0=-.
2~{0,1}5 o~ T, s s
which contradicts the pseudo-randomness of 7' = {7 } scy in Lemma 4.18. d

S Nondeterminism, Symmetry of Information, and Proof Complexity

In this section, we prove our results stated in Section 1.2.2.

Proof of Theorem 1.3. Theorem 5.2, stated and proved in Section 5.1, shows that average-case symmetry of
information holds for pnKt. Similarly, Theorem 5.10, proved in Section 5.3, establishes an analogous result
for rnKt. =

Proof of Theorem 1.4. Theorem 5.3, stated and proved in Section 5.2, shows that if worst-case symmetry of
information holds for pnKt, then coNP ¢ AM. Theorem 5.11 establishes an analogous result for rnKt and
is proved in Section 5.3. O

5.1 Average-Case Symmetry of Information for pnKt

In this subsection, we show that Symmetry of Information holds for pnKt on average over efficiently
samplable distributions.

Toward proving the above, we observe that Symmetry of Information holds for pKPY if one replaces
the term pKP®Y (3 | z) with its nondeterministic counterpart pnKP°Y (y | ).

5.1.1 A Semi-Symmetry of Information Theorem for pnK?’

We obtain a version of semi-Sol for pn K! via the worst-case conditional coding theorem of [HLO25].
The proof is similar to an argument from [HIL"23] used to conditionally show average-case Sol for pKt.
The statement slightly improves on the worst-case semi-Sol theorem of [HLO25], which would include a
term for pnKP°Y(®) (y) rather than pKPY®) ().
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Theorem 5.1. There exists a polynomial p such that, for all sufficiently large n,t € N with t > 4n, the
following holds. For all x,y € {0,1}",

pK(z,y) > pKPW (2) + pnKPO (y | z) — log p(t).

Proof. Let D € PSAMP be a distribution family as in Lemma 36 of [LOZ22] that dominates the universal
distribution for pKt; that is, for some constant ¢ € N, for any n,¢ € N and z € {0, 1}2",

1
Dpi(z) >

% 5 e (e

Forn,t € N, let sz denote the marginal distribution over the second half of the output of D,, ;, and note

that D@ = {D”)},,.1en € PSAMP.
Now fix n,t € N such that ¢ > 4n along with strings z,y € {0, 1}". By the worst-case conditional
coding theorem for pnK! with respect to D ([HLO2S5, Theorem 6]), for some polynomial g,

pnKI® (y | z) < log + log q(t
Wl Dna(y | @) €
2
= log Dn’z @) + logq(t)
Dn,t(x7y)
1
=1 1 1 t
Dty Bl
1
< pK'(z,y) — log W +logq(t) + clogn. (by Equation (16))
n,t

Moreover, by the worst-case coding theorem for pK! complexity [LOZ22], for some polynomial ¢/,
pK? M (z) <log % +log ¢/ (1).
n,t
Combining this with the above,
pnKI® (y | ) + pK? () (z) < pK'(z,y) + log q(t) 4 clogn + log ¢ (t).
Let the polynomial p be such that p(m) > 4 - max{q(m), m¢,¢'(m)} for all m € N. It follows that
pnKP U (y | 2) + pKP (z) < pK'(z,y) + log p().

This completes the proof. 0

5.1.2 From Semi-Sol for pnK’ to Average-Case Sol for pnKt

Making use of the statement from the previous subsection, we prove that average-case Symmetry of
Information holds for pnKt. The proof is a simple adaptation of an argument from [HLO25]; we include the
details for completeness.

Below, we state Theorem 1.3 in a seemingly stronger form, with a term for pKt(z) on the right-hand
side rather than pnKt(x). However, we remark that this statement is actually essentially equivalent to The-
orem 1.3, since pKt(z) < pnKt(z) + O(log n) with high probability over strings x sampled efficiently.
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Theorem 5.2. For every polynomial-time samplable distribution family {D,, } ,en supported over {0, 1} x
{0, 1}™, there exists a constant ¢ > 0 such that for all large enough n, k € N,

=

( l?rD [ prKt(z,y) > pKt(z) + pnKt(y | ) — c-logn —logk | > 1 —
x,yr\/ n

Proof. The proof is following [HLO25, Theorem 8]. Let {D,, },,cn be as in the statement of this theorem,
and let the polynomial p be as in Theorem 5.1. Fix any n € N, and for a sufficiently large polynomial
g, let t = q(tp(n)), where tp(n) upper-bounds the time required to sample D,,. Observe that, for any
z,y € {0,1}",

pnKt(y | @) < pnKPO(y | 2) + O(log p(t))

and

pKt(z) < pKP(z) + O(log p(t)).
By the coding theorem for pK’ (Theorem 2.23) and Lemma 2.22, the following holds: for any k € N, with
probability at least 1 — k~! over (z,y) ~ Dy,

pK(z,y) < log + O(logn)

1
Dy (x,y)
< K(z,y) + O(logn) + log k
< pnKt(z,y) + O(log n) + log k.

Combining the above with Theorem 5.1 and letting ¢ € N be a sufficiently large constant, we have that with
probability at least 1 — k=1 over (x,y) ~ Dy,

pnKt(z,y) > pKt(z) + pnKt(y | z) — clogn — log k,

as desired. O]

5.2 Worst-Case Symmetry of Information for pnKt and coNP vs. AM

In this section, we prove Theorem 1.4 for the case of pnKt. Here, we will only present a proof
that, if worst-case symmetry of information for pnKt holds with an error term e = polylog(n), then
coNP ¢ AMTIME[nP°Y'98(")]. The case with a smaller error term ¢ = O(logn) — leading to coNP ¢

AMTIME[2”°(1>], as stated in Theorem 1.4 — can be handled similarly by appropriately adjusting the pa-
rameters in the proof.

Theorem 5.3. Item I implies Item 2 in the following.

1. (Worst-Case Symmetry of Information for pnKt). There exists a constant ¢ > 0 such that for all
large enoughn € Nand x,y € {0,1}",

pnKt(z,y) > pnKt(x) + pnKt(y | ) — log®n.

2. UNSAT ¢ AMTlME[Qlogd n} foranyd > 1.

We will need the following lemmas.

Lemma 5.4. There exists a probabilistic oracle algorithm B\") such that, given inputs x € {0,1}™ and
y € {0,1}=2""™ the algorithm BSAT (2, 5) runs in time 2°0™) with access to a SAT-oracle, and
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e if pnKty s(z | y) < m/2, then BSAT (2, ) rejects with probability at least 2/3, and

e if pnKty 3z | y) > m/2, then BSAT(x, y) accepts with probability at least 2/3.

Proof. Consider the following algorithm: on input (z,y), where x € {0,1}™ and y € {0, 1}<2""™,

1. Sample r ~ {0, 1}2m/2.

2. For all programs II € {0,1}" and running times ¢ € N such that |II| + [log¢] < m/2, use the SAT
oracle to answer the following two queries:

(a) Does there exist aw € {0,1}" such that II(y; w; ) outputs z in ¢ steps?

(b) Does there exist a w € {0,1}" such that TI(y; w; ) either fails to terminate within ¢ steps or
outputs some 2’ ¢ {x, L} within ¢ steps?

3. Reject if and only if there exists a pair (I, ¢) such that the answer to the first query is yes and the
answer to the second query is no.

It is clear that the running time of the above algorithm is 20(m) " and correctness follows directly from
the definition of pnKt. Indeed, if pnKt,5(x [ y) < m/2, then the algorithm rejects with probability at least
2/3 (over the randomness r), and if pnKt, 3(z | y) > m/2, the algorithm rejects with probability at most

1/3. O
Lemma 5.5. Suppose SAT € coAMTIME[np°|y|°g(")]. Then for every constant d > 0, there are infinitely
many integers m such that for every { < 2™, there exist strings x1, . .., xy € {0, 1} satisfying
Z ant(azi | L1yew- 7371'—1) >0 %
i€[¢)
and »
mKt(zy,...,xp) < 2™ "

Proof. Let B be the (probabilistic) algorithm from Lemma 5.4. We first observe the following.

Claim 5.6. There exists a constant ¢ > 0 and a language L € AM N coAM such that the following holds.
Given any = € {0,1}™ and y € {0,1}=*""™, one can construct, in deterministic time poly (2m), an L-
oracle circuit C, ) of size 2™ that treats its input as internal randomness used by the algorithm B and
computes B3 (., y); that is, Clay (1) = BT (2, y;7) for every r.

Proof of Claim 5.6. By Lemma 5.4, for every z € {0,1}™ and y € {0,1}=*""™, we can construct a SAT-
oracle circuit Cy of size s = 29(™) that treats its input as internal randomness and computes B5AT (z, 7).
Note that Cy makes queries to SAT of length at most s.

By assumption, SAT € coAMTIME[t(n)], where t(n) = nP°Y'°8(")  Applying a standard padding
argument, we can define a language L € AM N coAM that is an appropriately padded version of SAT, such
that Cyy can be simulated by an L-oracle circuit of size at most poly(t(s)) = 2POY(™), o

Let ¢ > 0 be the constant and L € AM N coAM be the language from Claim 5.6. Consider Lemma 4.18
with & := 1/(4cd). We say that an integer m is good if there exists an s such that s is the smallest integer
that is at least > 2™ and the multiset 7} from Lemma 4.18 is pseudorandom against L-oracle circuits of
size s. Note that there are infinitely many good values of m.

Fix any (sufficiently large) good m. Let s be the integer that witnesses the goodness of m, and let T be
the corresponding pseudorandom set.

Consider the following deterministic procedure A, with oracle access to L, which takes as input m, T,
and a string y € {0,1}=2""™, and proceeds as follows:
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For each z € {0,1}"™, compute
Ho = Pr [Clay(z) =1,
where C(, ) is the L-oracle circuit obtained using Claim 5.6. Output the first = such that
1,1
Claim 5.7. The procedure A, on input (m, Ty, y) with y € {0,1Y=2""™, runs in deterministic time at most
2PN (™) \when given oracle access to L and outputs an m-bit string x satisfying pnKt(z | y) > m/2.

Proof of Claim 5.7. We first analyze the running time. Since |Ts| < poly(s) and s < 2(m+1)° it follows
that the algorithm runs in time at most 2P°Y(™).

We now show correctness. Because T (1/10)-fools C', , forevery x € {0,1}" and y € {0, 1}s2m
the value yi, approximates Prg[B3AT(x,y) = 1] within additive error 1/10. Thus, any output z cannot
satisfy pnKty/3(z | y) < m/2, as that would imply Prp [B3AT(z,y) = 1] < 1/3 and hence p, <
1/3 + 1/10, contradicting the condition for output. Furthermore, since we enumerate all z € {0,1}", at
least one of them satisfies pnKt, j5(z) > m/2. It follows that BSAT(— y) accepts at least one such z.
Therefore, we are guaranteed to find one with p, > 2/3 —1/10 > 1/3 + 1/10. o

Define x1, 22, ..., 2y € {0,1}" as follows:
* 1 is the output of A(m, Ty, €).
e Fori=2,3,...,¢, let z; be the output of A(m, Ty, x1,...,2—1).

By correctness of A, for each i € [¢], we have

m
ant(xi | T1,... ,.231'71) > 5

It follows that
Z ant(mi | LT1yew- ,331‘,1) >/ m/2,
i€l
as desired.
To upper bound the rnKt-complexity, observe that we can first compute 7 and then run procedure A
repeatedly to obtain the sequence 1, . . ., xy.

From the efficiency guarantee in Lemma 4.18, we have:

1/3d
)

rmKt(Ty) < 21875 < 9m

Given m and Ty, the sequence z1, ..., x¢ can be computed via ¢ invocations of A, each running in time
2PN (M) given oracle access to L. This yields:

mKtl(zy,... 2) < O<2m1/3d) + log (g ) only(m)>

< om!/D (17)
In the above we use the fact that m is sufficiently large.
Finally, since L € AM N coAM, we get
mKt(z1,...,27) < O(mKth (21, ..., 20)) (by Corollary 3.12)
<0 (2’”” (2”) (by Equation (17))
< 2m1/d
This completes the proof. O
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We now proceed to prove Theorem 5.3.

Proof of Theorem 5.3. We show the contrapositive. Assume that UNSAT & AMTIME[np"'y"’g(“)}. Note
that this implies SAT € coAMTIME[nPovlo&(")] Below, we show the failure of worst-case symmetry of
information for pnKt. That is, for every constant ¢ > 0, there exist infinitely many n € Nand z,y € {0,1}"
such that

pnKt(z,y) < pnKt(z) + pnKt(y | =) — log n.

Let ¢ > 1 be any constant. We first establish the following claim.
Claim 5.8. The following holds for infinitely many values of m. There exist v € {0,1}"" and v € {0,1}",

1/(2
where m < n < 2™ /¢ C), such that

pnKt(u,v) < pnKt(u) + pnKt(v | u) — %,

Proof of Claim 5.8. Suppose, for the sake of contradiction, that for all but finitely many m, the following
holds: for all v € {0,1}™ and u € {0, 1}" satisfying m < n < 2™"/®? we have
pnKt(u,v) > pnKt(u) + pnKt(v | u) — %

Consider Lemma 5.5 with d := 3c¢. Let m be a sufficiently large “good” integer such that the statement

of Lemma 5.5 holds for £ := 2m1/d, and let x1, . . ., x¢ be the associated sequence of strings.
Observe that -m < gm!/ ) Therefore, we can apply the assumptiontov = zgand u = (xy,...,2_1),
which yields:

m
pKt(z1,... xe) = prKt(z1, ..o o) + pnKt(ze | 21,0 2emr) =

Repeating this argument inductively gives:

m
pnKt(x1,...,2¢) > Z pnKt(x; | 1,...,xi—1) — £ T
1€[(]

26-%—6-% (by Lemma 5.5)

_gmi/d M

= T
However, this contradicts the fact that

pnKt(zy,...,xp) < gm!/?

This completes the proof of the claim. o

By Claim 5.8, for infinitely many values of m, there exist v € {0,1}" and u € {0, 1}" such that

m <n<om’® (18)
and m
pnKt(u,v) < pnKt(u) + pnKt(v | u) — R (19)
Define
z:=u and y:=v0""™. (20)
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Then we have:

pnKt(z,y) < pnKt(u,v) + O(logn) (by Equation (20))
< pnKt(u) 4 pnKt(v | u) — % + O(logn) (by Equation (19))
< pnKt(z) 4+ pnKt(y | ) + O(logn) — % + O(logn) (by Equation (20))
log%n .
< pnKt(z) + pnKt(y | z) + O(logn) — 1 (by Equation (18))
< pnKt(z) + pnKt(y | x) — log®n,
as desired. O

5.3 The Case of rnKt

We first show a version of semi-symmetry of information for rnK®, which is analogous to Theorem 5.1.

Theorem 5.9. There exists a polynomial p such that, for all sufficiently large n,t € N with t > 4n, the
following holds. For all x,y € {0,1}",

pK' (2, y) > mKPO (z) + mKPO (y | 2) — log p(t) — log® p(n).

Proof Sketch. The proof follows a similar approach to that used in [GK22, Hir22c] to establish time-
bounded versions of Sol under the assumption that MINKT is easy (see also [HKLO24, Appendix A]).
This approach employs the pseudorandom generator construction stated in Lemma 2.27 and its reconstruc-
tion property, while using MINKT (which is in NP) as a distinguisher. In fact, by adapting this approach
and using the fact that the reconstruction procedure makes only non-adaptive queries, one can show that for
any z,y € {0,1}" and sufficiently large ¢ that is polynomial in 7,

K () 2 kN ) 4+ k™ Ty | @) — Oflog® n) — Oflog ). 2D)

We now upper-bound the right-hand side of the above. We have

| L[[MINKT |
KIS T () > KPS (2) — O(log ) (by Lemma 3.10)
> rmKPY® () — O(log t) (by Lemma 3.7)

By a similar argument, we have

ly(¢),||MINKT
I,Kpoy(),II

oty (@) = mKPYO(y | 2) — O(logt).

Substituting the above two inequalities into Equation (21) yields the desired semi-symmetry of information
for rK®. o

The following corresponds to Theorem 1.3 for the case of rnKt

Theorem 5.10. For every polynomial-time samplable distribution family {D,, },en supported over {0, 1} x
{0, 1}™, there exists a constant ¢ > 0 such that for all large enough n, k € N,

1
Pr [ mKt(z,y) > mKt(z) + mKt(y | 2) —c-log®n —logk | > 1 - —.
(Cl?,y)NDn k;
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Proof Sketch. The proof can be easily adapted from that of Theorem 5.2, with Theorem 5.1 replaced by
Theorem 5.9. We omit the details. O

The following corresponds to Theorem 1.4 for the case of rnKt.
Theorem 5.11. Item 1 implies Item 2 in the following.

1. (Worst-Case Symmetry of Information for rnKt). There exists a constant ¢ > 0 such that for all
large enoughn € Nand x,y € {0,1}",

mKt(z,y) > rmKt(z) + mKt(y | ) — log® n.

2. UNSAT ¢ AMTIME[QlOgd n} foranyd > 1.

Proof Sketch. The proof is a easy adaption of that of Theorem 5.3, which employs Lemma 5.5. It suffices
to note that in Lemma 5.5, we can replace pnKt with rnKt, since for every z,y € {0,1}", it holds that
pnKt(z | y) > mKt(z | y). O

5.4 Relativization Barriers for Symmetry of Information

We will prove the following theorem.

Theorem 5.12. There exist an oracle O and a constant € > 0 as follows. For all sufficiently large n € N,
there exist strings x,y € {0,1}" such that, for every complexity measure 1 € {rKt, pKt, nKt, rnKt, pnKt},
pO(,y) < (@) + 1y | x) — e -n.

The proof is basically a relativizing version of the argument used in Theorem 5.3, adapted so that it works
for all measures 1 € {rKt, pKt, nKt, rnKt, pnKt} and gives a linear gap ¢ - n instead of just polylogarithmic.
We will make use of the following lemmas.

Lemma 5.13 ([BGS75]). There exists an oracle O such that PHO C P9,
Lemma 5.14. There is a deterministic polynomial-time oracle machine Méf) as follows. Let O be any

oracle. There exists an oracle X € Eg © such that foranyn € N, M(f( (1™) outputs a string v € {0,1}"
with NPC-oracle circuit complexity at least n/?.

Proof. For a given oracle O, let X € Eg © be as follows.
X ={(1"y)|ye{0,1}<"; 3z € {0,1}" and w € {0,1}"¥I=! such that # = yOw and
V oracle circuit C() of size at most n'/ 2z is not the truth-table of C' NP© }
The machine Méf) is defined as follows.

On input 17, start with y being the empty string. Repeat the following n times. Query (17, y) to
the oracle X'; if X' accepts, let y := 0, and if X rejects, let y := y1. After this is done, return
the string z := y € {0,1}".

By a standard counting argument, there exists a string x € {0,1}" with NP©-oracle circuit complexity
greater than n/2. (In fact, most strings have this property.) Therefore, it is clear that MOX will find such a
string in polynomial time, as desired. O
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Lemma 5.15. There exist an oracle O and a deterministic polynomial-time oracle machine M 1(7)
For any n € N, MC(1") outputs a string x € {0,1}" with NP®-oracle circuit complexity at least n

Moreover, PH® C P9,

as follows.
1/2.

Proof. Let O be the oracle of Lemma 5.13. Let Méf) be the machine and X € 25 © the oracle of
Lemma 5.14 applied to A. Since PH® C PO, there exists a deterministic polynomial-time oracle ma-
chine N (=) such that N© decides X'. Let MC be the machine that simulates Méf) and answers its oracle
queries with the machine N©. By Lemma 5.14, for any n € N, M (1") produces a string z € {0, 1}" with
NP%-oracle circuit complexity at least n'/2. The lemma follows. 0

We will require the following lemma, which is similar to Lemma 5.4, but pertains to pKt? complexity
for arbitrary oracles O rather than pnKt complexity.

Lemma 5.16. There exists a probabilistic oracle algorithm B\~ such that, for any oracle O, given inputs
2 €{0,1}™ and y € {0,1}="°, BO(x,y) runs in time 2°0™) with oracle access to O, and

. iprté%(x | y) < m/2, then B®(x,y) rejects with probability at least 2/3, and
. iprt?/?)(x | y) > m/2, then B®(x,y) accepts with probability at least 2/3.

Proof. The algorithm B is as follows. Given (z, y),

1. Sample r ~ {0, 1}2m/2

2. For all programs IT and running times ¢ € N with |TI| + [logt] < m/2, check if II®(y; r) outputs x
within ¢ steps. Reject if so.

3. Accept if Step 2 did not reject.

It is easy to see that B runs in time 2°("™) given oracle access to . Correctness follows easily from
the definition of pKt®. O

Lemma 5.17. There exist an oracle O and a constant a € N such that, for every £,n € N with { < n, there
exist strings x1, ..., xp € {0, 1}" satisfying

anKt (i | x1,y ey i) > E-ﬁ
i€[{] @

and
Kt (z1, ..., z¢) < a - n.

Proof. We follow the proof technique of Lemma 5.5. Let B(~) be the randomized oracle algorithm of
Lemma 5.16. Recall that, on inputs = € {0, 1} and y € {0 =" "* B runs in time at most 2°("). For a
constant b € N, z € {0,1}", and y € {0,1}="", let C’ : {0, 1} " — {0, 1} be the oracle circuit of size
at most 2°" that treats its input as internal randomness and simulates B(~) (z,y).

Let O be the oracle and M; the machine of Lemma 5.15. Let ¢, d € N be as in Theorem 2.26 applied
with e = 1/2, and let z € {0, 1}217” be the output of Mlo(lzbc'n). That is, z has NP%-oracle circuit
complexity greater than 20™/2, Let G, : {0,1}"*" — {0, 1}2bn be the PRG of Theorem 2.26. In particular,

G, is computable in time at most poly(2°¢™, bd - n) = 2°(™) and (1/2"™)-fools C’(
Consider the following procedure A.

ﬂcy)
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Oninputn € N, y € {0, 1}§"2, and z € {0, 1}2bc'n, for each = € {0,1}", compute

(@)
e a~{oP£bd»n[C<Nrny)(Gz(0)) =1].

Output the first x such that p, > % + %.

It is easy to see that, with z as above, A(n, y, z) runs in time at most 2°(™), using an NP© oracle to simulate
. o .
CNP?. Moreover, by the guarantee of Lemma 5.16, if pKtN"™ (z | y) < n/2, then BNP? accepts with

probability at most 1/3. Therefore, A must output a string z € {0, 1}" such that pKtNPO (x|y) >n/2.
Now, define

* 1 = A(n, €, z), where ¢ is the empty string;
e v; = A(n, (z1,...,z-1),2) fori € {2, ..., (}.

We claim that the strings z1,...,z; € {0,1}" have the properties stated in the lemma. Firstly, by the
correctness of A and Corollary 3.16, for some constant k& € N, for each i € [¢], we have
(@)

antO(l‘i ‘ T, ...,Jii_1) > - pKtNP (IL‘Z ‘ X1, ...,J,‘Z'_1) >

| =
SE

Thus,

Z antO(l'i ’ xq, ...,xi,l) >0

n
€[4 2k

Secondly, we observe that x1, ..., x, can be produced uniformly by running M- 10 to produce a hard truth-
table z followed by ¢ < n invocations of A. This takes deterministic time at most 20(n) given an NP©

oracle. Thus, o
KNP (21, ..., 2¢) < O(n).

Since PH® C PO, for any language L € NP?, there exists a deterministic polynomial-time oracle machine
N that decides L. Therefore, replacing oracle calls to L € NP by simulating N©, we obtain

Kt (1, ..., 20) < 2d’ - (KtNPO (1, .y p))
< 0(n),

where a’ € N is such that ¢ upper-bounds the running time of N (=) on inputs of length ¢.
This completes the proof. O

The following is immediate from the definitions of the complexity measures in question.

Corollary 5.18. There exist an oracle O and a constant d € N as follows. For every {.n € N with { < n,
there exist strings 1, ..., zy € {0, 1}" such that, for every complexity measure ji € {rKt, pKt, nKt, rnKt, pnKt},

Z MO(%‘ | 21, wim1) > L
i€[{]

auls3

and
pO (1, ..., x) < d-n.

Given the above, we are ready to prove Theorem 5.12 as stated at the beginning of this section. The
argument is quite similar to that of Theorem 5.3. We include a proof for completeness.
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Proof of Theorem 5.12. We start with the following claim.

Claim 5.19. Ler O be the oracle of Corollary 5.18. For some constant ¢ € N, for all sufficiently large
m € N, there exist j € Nwithm < j < ¢* - m and strings u € {0,1} and v € {0,1}™ such that

1O () < p€u) + uO(v | w) - =

Proof of Claim 5.19. Toward a contradiction, suppose that for any constant ¢ € N, there exist infinitely

many m € N such that forall j € Nwithm < j < c?-mandallu € {0,1} and v € {0,1}"™, it holds that
m

1O ,0) 2 1O w) + 1O | w) - 2. (22)

Let d be the constant from Corollary 5.18, let ¢ = 2d, and let m be as in Equation (22). Let £ := ¢?, and let
x1,...,xp € {0,1}" be the strings guaranteed by Corollary 5.18. That is,

m
EMO(%’ | 1,y @im1) > £ q
1€[(]

(2d)? -m

:T:Zld-m

and
O
w1,y zg) < d-m. (23)

Consider u = (x1,...,z¢—1) € {0, 1}(€—1)-m and v = xy € {0,1}". By Equation (22), we have

m
uo(xl, ey Tg) > ;LO($1, vy Tp—1) + ,uo(xg | 21,y 1) — =

Repeating inductively, we obtain

m
1O (1, .y g) > ZHO(CCi | @1,y @i1) — £ -
€[4
>4d-m—2d-m
= 2d - m,
contradicting Equation (23). O

Now, let the constant ¢ be as in Claim 5.19. For any sufficiently large n € N, let m = |[n/c*|. By
Claim 5.19, there exists j € N with m < j < ¢?-m < n and strings u € {0,1}’ and v € {0, 1} violating
Sol. Then, define n-length strings

z=ul""7 and y=ovl""™.

Observe that
1O (z,y) < 4 (u,v) + O(logn)

and similarly
1 () < 1€ (x) + O(log )

and
pC v u) < p®(y | z) + O(logn).
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It follows that

This completes the proof of the theorem.

6 Average-Case Versus Worst-Case Complexity

In this section, we prove Theorem 1.5, which is restated below.

Theorem 1.5. The following statements are equivalent:

1. (Exclusion of PH-Heuristica). DistPH C AvgBPP — PH C BPP.

(choosing ¢ := 1/c)

O]

2. (Meta-Complexity of pKPH). Gap-MINpKTPH € prBPP = Mild-Gap-MINpKTH & prBPP.

Theorem 1.5 follows directly from the following two theorems using that NP C BPP implies PH C

BPP.

Theorem 6.1. The following holds.

NP C BPP <= Mild-Gap-MINpKTPH & prBPP.

Theorem 6.2. The following holds.

DistPH C AvgBPP <= Gap-MINpKT"H ¢ prBPP.

In the remainder of this section, we show Theorem 6.1 and Theorem 6.2. We prove Theorem 6.1 in
Section 6.1. The forward direction of Theorem 6.1 is established by Lemma 6.11, which is proved in
Section 6.2. The backward direction follows from Lemma 6.13, with the proof provided in Section 6.3.

6.1 Characterizing Easiness of NP via Easiness of Mild-Gap-MINpKT""

In this section, we prove Theorem 6.1. The theorem follows directly from Lemma 6.3 and Lemma 6.4,
which are proved in the subsections below.

6.1.1 The Easy Direction

Lemma 6.3. If NP C BPP, then Mild-Gap-MINpKT"H & prBPP.

Proof. 1t is easy to see that, for any oracle O, we have Mild-Gap-MINpKT® € prAM® 8 Also, if NP
BPP, then PH C BPP. It follows that prAMPH C prAMBPP = prAM C prBPPNP C prBPPBPP

prBPP.

8This is true even for MINpKT®.
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6.1.2 The Hard Direction
Lemma 6.4. If Mild-Gap-MINpKT>AT < prBPP, then NP C BPP.

The proof of Lemma 6.4 follows the approach in [HLO25], which shows that if MINNKT & BPP, then
NP C BPP. Here, we sketch the proof and highlight the key steps and modifications.

We begin by describing the approach at a high level. Let L € NP, and let z € {0,1}" be an input
instance. Our goal is to find a witness for x. To this end, suppose x € L, and let A, denote the set of
L-witnesses for z. We aim to establish the following: for every y € A,

proly(n) (y | ZL‘) < ]Og |A:v| —+ O(log TL) (24)

The above is a consequence of a result known as language compression (for pK'), which states that every
witness y € A, can be compressed to approximately log | A, | bits.

Note that if pKPO'Y(”)(y | ) < k, then by the definition of pK', if we randomly sample a string
r ~ {0,1}P°Y™) and a program II ~ {0,1}=* and output II(y; r), we obtain y with probability at least
1/(2% - O(n)). Then, by Equation (24), for every y € A, the above procedure samples y with probability
atleast 1/(|Az|- O(n)). Since this holds for each of the | A, | elements in A, it follows that we obtain some
string in A, with probability at least 1/0O(n). By repeating this procedure, we can obtain a witness for z
with high probability.

It is not known whether pK’ admits a language compression property as stated in Equation (24). How-
ever, it was shown in [HLO25] that its nondeterministic variant, pnK®, indeed admits such a property. Since
pKt’SAT is a more powerful notion than pnK! (Lemma 3.15), it follows that pKt7SAT also admits this lan-
guage compression property. Thus, it suffices to show that if Mild-Gap-MINpKT®AT & prBPP, then for
every z,y € {0,1}" and every ¢ that is a sufficiently large polynomial in n,

pKPOW(t) (y | z) < pKP°'Y(”)’SAT(y | z) + O(logt). (25)

We first note that, following previous work, one can establish a weaker form of Equation (25), which
states that
pKPYO (y | ) < pKPVISAT(y | 2) + pK' () — pKPY W (z) + O(log ). (26)

Note that this weaker bound is not sufficient for our purposes, since the term pK*(z) — pKP*Y® (), known
as the (time-bounded) computational depth, can be large for some z. Nevertheless, we sketch how Equa-
tion (26) can be shown under the assumption that Mild-Ga p-MINpKTAT is easy.

The idea is to show both an upper bound and a lower bound for the quantity

pKt+poly(n),SAT (l’, y) )

Roughly speaking, we aim to show that:
* (Upper bound) pK' POV SAT (5 4)) < pKPEVIVSAT(y | ) 4 pKESAT (z).
« (Lower bound) pK‘ POV ()SAT (4 4y > pKPOY(ELSAT () | 1) 4 pKPOV() (1),

It is easy to combine the two inequalities above to obtain Equation (26).

The upper bound is straightforward. The lower bound can be established under the assumption that
Mild-Gap-MINpKT3AT is easy. For simplicity, let us assume that we have a deterministic polynomial-time
algorithm A that given (z, 1%, 1%) decides whether pK®>AT < .

Let DP,: {0,1}" x {0,1}™ — {0,1}"*** be the direct product generator defined in Definition 2.28,
where

k:=pK'(y | z) — ¢-logt,
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for some large constant ¢ > 1 to be specified later. We then consider the following two distributions:

Dl = (1137 DPk(yvunk)))

Dy = (z,Unk+k)-
The goal is to show that D; and D are indistinguishable under the algorithm A(—, 1%, 1%) for some appro-
priate s. The reason for doing this is that, assuming Mild-Gap-MINpKT>AT is easy, one can show a weak

symmetry of information for pK“SAT [Hir21] (see also [11a23]), which states that, with high probability over
w ~ {0,1}"" % we have

pKESAT (2, 0) > pKPOYOSAT (2) 4 nk + k — O(log t).

Therefore, with high probability (over Dy), A(Da, 15,1) = 0 for s := pKPYOSAT (1) 4 nk+ k—O(logt).
If D is indeed indistinguishable from Dy, then, also, with high probability (over D;), we have A(Dy, 1%, 1Y) =
0, which implies that there exists some z € {0, 1}"* such that

pKt’SAT(:c, DPx(y, 2)) > s.
Also, since DPy(y, z) is efficiently computable given y and z, we have
pKESAT (2, DP(y, 2)) < pKITPOV(SAT (12 0y + nk + O(log ).
Combining the above two inequalities, we get

pKIFPOV(R)SAT (12 0y > s — nk + k — O(log t)
= pKPY®SAT (1) L | — O(log t)
= pKPONVISAT () 1 pKPN O (y | 2) — O(log t),
which gives the desired lower bound.
Now, let us explain why D; and D, are indistinguishable. Indeed, if A(—, 1%,1%) could distinguish D;
from Do, then by the fact that A is polynomial-time computable and by the reconstruction property of DPy

(Lemma 2.29), we would obtain
pKPY W (y | 2) < k + O(logt),

which contradicts our choice of k be letting c be a sufficiently large constant.
Next, let us return to Equation (26). It turns out that if we could show a more fine-grained form:

pKPY W (y | z) < pKPOVIISAT (y | ) 4 pKPSAT (2) — pKIHTPISAT () 4 O(logn),  (27)
where p(n) is a polynomial independent of ¢, then we could aim to conclude the proof by showing that
pKt’SAT(x) _ pKter(n),SAT(x) _ O(log n)

While this may not hold for a particular value of ¢, one can argue, via a telescoping sum trick, that such a
bound holds for some ¢’ that is not too large. More concretely, for any fixed time bound ¢, let t; = t +i-p(n)
fori € {0,1,...,n}. Note that pK®:SAT (z) — pKtnSAT (1) < 2n, since any n-bit string 2 can be described
using at most 2n bits. Therefore,

|
—

n

(pKti’SAT(aZ) _ pKtHl,SAT(x)) _ pKtO’SAT(;L‘) - pKt"’SAT(;L') < an

~
I
o
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which implies that there exists an index i such that pK'SAT () — pK'+1LSAT () < 2. In particular, for
some time bound ¢’ < t + n - p(n), we have pK!SAT () — pK¥*+P():SAT (1) — O(log n), which would be
sufficient for our purpose.

Unfortunately, it is not clear how to prove Equation (27) exactly. As illustrated earlier, a key difficulty
lies in the use of weak symmetry of information, which introduces an overhead of the form poly(t) rather
than an additive overhead of the form ¢ + p(n).

Here, we follow the approach developed in [HLO25] which incorporates the ideas described above and
suffices to prove Lemma 6.4. A key ingredient is the following new notion of time-bounded Kolmogorov
complexity.

Definition 6.5 (E—pKf\ﬂ). Forany ¢,/ € N, A,y € (0, 1), oracle O, and string = € {0, 1}*, we define

K—pKi’g(:r) = min{s eN

Pg [ Kxo(xof) < S-i-ﬁ} > ’}/}.
r~Up
It can be shown that E—pKﬁv7 is a well-defined measure that satisfies several basic properties one would

expect from a Kolmogorov complexity measure; see [HLO25, Section 4.2.1]. Moreover, if the mild-gap
version of approximating pK' is easy, then so is approximating f—pKﬁH7

Definition 6.6 (Mild-Gap-MINZ-pKT). For an oracle O and p: N — N, we define the promise language
Mild-Gap,,-MIN(-pKT® = (YES, NO) as

YES: {($ 15 1t 1( 1a 1b 10 1d) | pr/ad/C( )S 8}7

NO = {(JL 15,1%,19,1%) | PKt;rpll)ojt%&er;)r;:rd) (x) >s+logp(t+a+b+c+ d)}

We say that Gapp—I\/IINE—pKTO € prBPP if there exists a constant g > 0 such that Gapp—MINE—pKTO €
prBPP with p(n) = nJ.

Lemma 6.7. For any oracle O, if Mild-Gap-MINpKT? € prBPP, then Mild-Gap-MIN/-pKT® € prBPP.

Proof. The proof is adapted from that of [HLO25, Lemma 69], which shows a similar result for the case of
pnK® and ¢-pnK® without the mild gap. For simplicity, we assume O = (); it is straightforward to verify that
the proof also holds for any oracle O.

Let A be a probabilistic polynomial-time algorithm that decides Mild-Gap,,-MINpKT with error at most
1/3, for some polynomial p. Let A™ denote the algorithm that runs A m times and returns the majority
vote. By the Chernoff bound, the error of A™ is bounded by 2~"/18.

Suppose we are given an instance

= (z € {0,1}",1°,1%,1%,14,1°,1¢ 19)

of Mild-Gap,,-MINZ-pKT.
On the one hand, if z is a yes-instance, then /- pr Ja,d) C( ) < s, and by the definition of ¢-pK, we have

[pr/ (a:or)<s+4 >g

T‘Nug

Then by the correctness of A, we get

1 d
Pr |:PI' |:A|'5410g0“ (LU o 7’ 1S+f 1t 1CL 1 ) _ 1] > 1 — :| > =,
Pl | A C

63



which, by a union bound, yields

d 1
Pr |Al54008e]l (o 7 15+ 1t 19 18) = 1} >S5 (28)
Feoly, A C C
On the other hand, if 7 is a no-instance, then
t+p(n+el+atb+ctd
€—pK(b_pgl/a’(da_l)/CC )(x) > 5+ logp(t +l+a+b+c+ d),
and hence
(tatbtetd . d 1
Pr PR 1ttt (g o) < s+£+logp(t+£+a+b+c+d)] <---
Note that the above implies
[ t+p(ntatb) . g - 1
flzae _pK(b—l)/a (xo?) < s—l—f—i—logp(t—i—a—i—b)} <- -
Again, by the correctness of A, the above implies
[ [541og c] 5 15+¢ 9t 1a 1b 1 d 1
Pr Pr[A ecl(xor, 1 ,1,1,1):1}>— -— -,
inlly | A c3 c c
which, by an averaging argument, gives
d 1 1
Pr |:A|'5410g0“ (SU o ,,g7 1S+Z’ ]_t7 1CL’ 1b) _ 1:| <-4 —. (29)
Felly, A c ¢ c

Comparing Equation (28) and Equation (29), we obtain a polynomial-time algorithm that distinguishes
yes- and no-instances with a gap of at least 1/c — 2/c®> > 1/(2¢). Such a gap can be amplified by repeating
the algorithm poly(c) times. O

Next, assume that Mild-Gap-MIN/-pKTAT € prBPP. We will show a result that informally states the
following: for every z,y € {0,1}" and for appropriate settings of parameters ¢ and ¢, we have
pKPY )y | 2) < pKPOYMSAT (4 | ) 4 1-pK ST () — (€ + poly())-pK! PO SAT ().
Observe the similarity between the above and Equation (27). The precise technical lemma is as follows:

Lemma 6.8. Suppose Mild-Ga p-MINK—pKTSAT € prBPP. Then there exists a polynomial p and an integer
No € NV such that the following holds. For any n,m,7,¢,t,b,d € NT and any strings x € {0,1}" and
y € {0, 1}™ satisfying the following constraints:

« 2/3<b/n3d/n3 <1,

e No<n,m<m,

o T < U< T4
o t>2p(T),
we have
7,5 —p(7),SAT 7),SAT
pKPO (y | z) < pK1—1A;z3 (y]z)+ g-pKZ/TIz);()ti-&-l)/n?‘ () = (e + 73)'pK€:ﬁ)}n3,(d—2)/n3 () +log p(?).

Proof Sketch. The proof closely follows that of [HLO2S5, Lemma 74], which establishes a similar result for
the measure ¢-pnK. The main difference is that the former assumes the easiness of the non-gap version,
whereas here we assume the easiness of the mild-gap version. We provide a proof sketch below.
Letz € {0,1}" and y € {0,1}"™. Similar to the earlier discussion, the idea is to show both upper and
lower bounds for the quantity
t,SAT
E'pr/n37 d/n3 (z,9).
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Upper Bound.

Claim 6.9. There exists a polynomial py such that

PR s (9) < PRI ay [ @) + 6-pKy 220 (@) + log pr (7).

Proof Sketch of Claim 6.9. Intuitively, the claim states that if there is a program that outputs x in time ¢ —
poly(7), and a program that outputs y given z in time 7, then one can obtain a program that outputs (x, y)
in time ¢. This intuition was shown to hold for £-pK in [HLO25]. See the proof of [HLO25, Lemma 72] for
details. o

Lower Bound.

Claim 6.10. There exists a polynomial ps such that
t,SAT t+ ,SAT
PR, s (@) = (€4 70)-pKET D0 ) (@) = pKP2O(y | @) — log pat).
Proof of Claim 6.10. Let DPy: {0,1}™ x {0, 1} — {0, 1}*** be the direct product generator (Defini-
tion 2.28), where
k= pKIO(y | z) — log q(t),
and q is a sufficiently large polynomial specified later.
As in the previous case, we consider two distributions:

Dy = ($, DPk(yaumk))7
Dy = (z,Unnk+k)-

We aim to show that D; and Ds are indistinguishable, and that with high probability over an element from
Do, its complexity is large. To show the latter, we again use weak symmetry of information. However, the
key difference here is that we will be able to use a highly efficient weak symmetry of information for the
notion of £-pK. More specifically, we have the following: For any n,m’, k,t',¢ € NT, any A\, v, € (0,1)
satisfying a < +, and any string z € {0, 1}", we have
t SAT ' SAT
23};/ [E—pK)w (roz)> L+ m’)—pK/\ﬁ_a(x) + m’] > a. (30)
The proof of this result appears in [HLO25, Lemma 71].
Now, for simplicity, let us assume that we have a deterministic polynomial-time algorithm A that solves
MiId-Gapp-MINﬁ-pKTSAT for some polynomial p. Let

t'i=t+q(r) + p(7°).
and
5= <(€ +mk + k)‘PK€;7E?;I—/n37(d_2)/n:s(x> + mk + k) — log P(t4)~
We get

3
Pr [epR T AT (0 ) > s 4 log plt + (7) + £+ b+ d + 20|

WUtk

T T5
> Pr [é—pKEng)}:s((d_)’ls)?; (z ow) > s+ log p(th)

' SA ' SA
= Pr[ oK o (1) (@0 0) = (C s+ R)-PRGE, o (@) + ik + K]
1 . . 3 3
> 3 (by Equation (30) with « = 1/n° and A = (b — 1)/n”)
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In fact, for the first inequality, we need the notion /-pK® to be monotone in ¢, meaning that /-pK"® decreases
as ¢ increases (see [HLO25, Lemma 66]).
Note that the above implies that, with probability at least 1/n® over D,

A(Dy, 15,1490 1€ 17° 18 177 1) = 0.

For the sake of contradiction, suppose the procedure A(—, 1%, 1t+a(T) 1£ 17° 10 17° 14} can (1/n%)-
distinguish D; and Ds. Then, by the fact that A is a polynomial-time algorithm and by the reconstruction
property of DP;, (Lemma 2.29), we would obtain

pKPY(D (y | 2) < k + O(log t),

which contradicts our choice of k, provided that ¢ is chosen to be a sufficiently large polynomial.
In other words, we have that

A(Dl, 187 1t+q(7’)’ 1£’ 1713’ 1b’ 177,3’ 1d) =0
with probability at least 1/n3 — 1/n* > 0. It follows that there exists z € {0, 1} such that

Ky AT (@, Dy, 2)) = s an

Moreover, it can also be shown (see [HLO25, Lemma 70]) that, for g a sufficiently large polynomial,

C-pKy IS8T (2, DPy(y, 2)) < -pKyPAT, o (,y) + mk + log g(7). (32)

Intuitively, this is because DP(y, z) is efficiently computable given y and the seed z.
It follows from Equation (31) and Equation (32) that

C-pKy s 4 s (,y) = s — mk — log g(7)

= (L4 mk + k)-pKE o oo (@) + k —log p(t!) — log q(7)

7)+p(75),SAT
= (€ mk + K)-pK(, TS (@) + oK1 (y | 2)
—log g(t) — log p(t*) — log ¢(7)
t+q(° 75),SAT
> (04 7)pKE I S @) + Pk (y | 2)
—logg(t) —log p(t*) — log ¢(7°),
where the last inequality uses the monotonicity of /-pK! in ¢ (see [HLO25, Lemma 67]), which roughly
states that for any sufficiently large polynomial g, we have that for every £ < ¢, x € {0,1}* and ¢’ € N,
E/_pKt’+(1(|I|+|y\+€’),S/—\T(x) < g_pKt/,SAT(x) + logq(\x| + ‘y| +£l)

Finally, we can conclude that there exists a polynomial py such that

PR | (@y) = (4 72)-pKPETN0 (@) + pKPO(y | 2) — log pa(?).

This completes the proof of the lower bound. o
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Putting It All Together. By combining the upper and lower bounds (Claim 6.9 and Claim 6.10) and
rearranging, we obtain

T —p1(7T 7),SAT
pKP2O(y | 2) < pKTY o (y | @)+ L-pKy 0L (@) = (€ 72)-pKE PR ()
+ log p1(7) + log pa(?),

which, by the monotonicity of /-pK® with respect to ¢, implies the existence of a polynomial p such that
SAT t— t+p(7),SAT
PRIy | ) < PRTET0 (y |2)  CPKG T 1 (2) = (€ T2V pRGTTIRN ) () + log (),

as desired. O

Proof Sketch of Lemma 6.4. The proof is essentially the same as that of [HLO25, Lemma 75]. We sketch
the high-level ideas here and refer the reader to [HLO25] for full details.

Suppose Mild-Gap-MINpKT®AT < prBPP, which, by Lemma 6.7, implies Mild-Gap-MINZ-pKT3AT ¢
prBPP. Given Lemma 6.8, we can apply a slightly more sophisticated telescoping sum argument than
described earlier and show that for every = € {0, 1}" and any 7 that is a large enough polynomial in 7, there
exist t, £, b, d that are at most poly(n) such that

—p(7),SAT 7),SAT
g_pKZ/;:3(7()d+l)/n3 (z) — (L + TB)_pKEZf§)2n3,(d72)/n3 (z) + logp(t)

is at most O(1). Again, this can be achieved because the increase in the time bounds between the two
quantities is only an additive poly(n) term. As a result, for every x and y, we obtain

pKPoly(n) (y|z) < pK;flA/-'—n3 (y | ) + O(logn). (33)

Also, as mentioned earlier, pK“>AT admits the language compression property (see [HLO25, Theorem
4]), that is, for every set A, whose membership can be decided in polynomial time given x, there exists
polynomial 7 such that
SAT
pKLl/n3 (y | x) <log|A.| 4+ O(logn). (34)
Now let L € NP and consider any x € {0,1}" that is a yes-instance of L. Let A, be the set of
L-witnesses for x. Then Equations (33) and (34) imply that for every y € A,,

pKP™(y | z) < log|As| + O(logn).

As described earlier, this enables an efficient sampling procedure which, given z, outputs some element
in A, with non-trivial probability 1/0O(n). Repeating this procedure sufficiently many times then yields a
witness for x with high probability. O

6.2 Worst-Case Easiness of Gap-MINpKT"" from Average-Case Easiness of PH
Lemma 6.11. If DistPH C AvgBPP, then Gap-MINpKT"H € prBPP.

To show Lemma 6.11, we need the following.
Lemma 6.12. For any oracle O, if (MINKT?, PSAMP) C AvgBPP, then Gap-MINpKT® & prBPP.

Proof Sketch. The proof is similar to that of [HLO25, Proposition 58], using techniques from worst-case-
to-average-case reductions developed by [Hir18]. O

Proof of Lemma 6.11. Suppose DistPH C AvgBPP. Then for every oracle © € PH, (MINKT?, PSAMP) ¢
AvgBPP, since MINKT® e PH. This, by Lemma 6.12, implies that Gap-MINpKT® e prBPP. It follows
that Gap-MINpKTPH € prBPP. O
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6.3 Average-Case Easiness of PH from Worst-Case Easiness of Gap-MINpKTP"

In this subsection, we prove the following which shows the forward direction of Theorem 1.5.
Lemma 6.13. If Gap-MINpKTPH € prBPP, then DistPH C AvgBPP.

We begin with some technical tools.

6.3.1 Technical Tools
The following is the main technical lemma for this subsection.

Lemma 6.14. Let ky € N and O be a E,':O-complete language. If there exist polynomials p and T such that
Gapp-MINpKTO € prBPTIME[7(n)], then for every k < ko, L € ¥, and polynomial q, there exists a
randomized algorithm A such that for every ¢ € N and x € {0, 1}", with probability at least 1 — 2=t (over
the internal randomness of A) both of the following hold.

1. A(x,1%) runs in time
2O(qu(n),O(z)—K(a:)) . poly(n,f),
where the constants hidden in O(-) and poly(-) depend only on O, p, T, k, L, and q.
2. A(z,1%) = lifand only if € L.

The rest of this subsection is devoted to proving Lemma 6.14. For this, we need the following additional
tools.

Lemma 6.15 (Symmetry of Information for pKt; see, e.g., [HKL.O24, Lemma 36]). Let O be any oracle.
If Gap-MINpKT® € prBPP, then there exist polynomials Ds, and po such that for all sufficiently large
x,y € {0,1}* and every t > po(|x| + |y|),

pKPso (t) (y|z) < pKt(:L‘, y) — pKPsol ®) (z) + log pq,, (t).

Proof Sketch. To get the desired symmetry of information property, it suffices have an efficient algorithm
that accepts the set of strings with low KP°"Y-complexity while rejecting a large fraction of random strings.
Note that such an algorithm follows from Ga p—MINpKTO € prBPP for any O. O

Lemma 6.16. Let O be any oracle. If Gap-MINpKTC € prBPP, then there exists a polynomial p; such
that for all z € {0,1}" andt € N,

pK? () (2) < pK"O(2) + log pu (1).
Proof Sketch. The proof can be easily adapted from that of [HLO25, Lemma 56]. O
We are now ready to prove Lemma 6.14.

Proof of Lemma 6.14. Let kg € N and let O be a Z,F;O—complete language. Suppose Ga pp—MINpKTO €
prBPTIME|7(n)] for some polynomials p and 7. The proof is by induction on k.

The base case for k = 0 is trivial.

For the induction step, suppose the claimed conclusion holds for k — 1, where 1 < k < ko. Let L € Z,E:
and let V be a corresponding verifier. That is, for z € {0,1}", = € L if and only if

Elyl € {07 1}v(n)7vy2 S {07 1}1}(77,)’ s 7Qkyk € {07 1}U(n)7 V(LU, Y, Y2, .- 7yk‘) = 1a
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where v is a polynomial Q* € {3,V}. Let ¢ be a polynomial.

To decide L, we aim to find a witness for a given instance, if one exists. Consider a yes-instance
x € {0,1}" of L. Let y; be the lexicographically first witness for z, i.e., y is the lexicographically smallest
string in {0, 1}*™) that satisfies

\v/y2 6 {0’ 1}1}(”)’ A 7Qkyk e {07 ]‘}U(n)7 V(x’ yl? y27 AR 7yk) = 1’

where QF € {3,V}. Let t be a sufficiently large polynomial specified later. We first observe the following.

Claim 6.17. There exists a polynomial p such that
pKP) (yf | ) < pKU O () — pKPU) () + log p(t(n)).

Proof of Claim 6.17. Note that by Lemma 6.15 and the assumption that Gap-MINpKT? is easy, we get
symmetry of information for pK’. Now let p; be the polynomial from Lemma 6.16 and let ¢ := ¢(n). We
have

oKFssP120) (57 | 2) < K2 a,y7) — pKP 7120 (1) log (1 (21)
< pK2t’O(z, yy) — pKPsol (p1(2t))($) + log pg,, (p1(2t)) (by Lemma 6.16)
< pKPYI Oy | 2) + pKHO (2) — pKPsal P10 () + log p,, (p1 (21))
< pKPYMO (| ) + pKi () — pKPsa P10 () 4+ Tog pg,, (p1(2t)).

Let po be a sufficiently large polynomial, the above yields
pKP2O (y7 | ) < pKPV Oy | ) + pKE () — pKP2 ) () + log pa (b),

Now note that pKPPY(™:O(y# | 2) < O(1) since given = and oracle access to O, one can recover the
lexicographically first witness for z in time poly(n). Therefore, we get

pKP20 (y7 | 2) < O(1) + pK" () — pK” ) () + log pa(t).
The claims follows by choosing p to be a sufficiently large polynomial. o

We will generate a set of candidate strings that is guaranteed to include a witness for x (specifically, y7)
if x € L. Given this, it suffices to solve the task of checking whether a given string is a witness for . This
is achieved using the language L' € 2571 defined as follows.

(z,y1) € L'if and only if Jyo, ..., Q"yr, V(z,y1,v2, ..., yr) = 0, where Q¥ € {3,V}.

Let ¢ > g be a sufficiently large polynomial specified later. We have the following.

Claim 6.18. There exists a randomized algorithm A’ such that every ¢’ € N, x € {0,1}" and y; €
{0, 1}1’(”), with probability at least 1 — 2 (over the internal randomness of A") both of the following hold.

1L A’((x, Y1), lgl) runs in time

20(qu (n+v(n)),0(x7y)—|'<(:c,y)) ] poly(f’, TL)

2. A’((x, Y1), 1”) = 1ifand only if (x,y1) € L'.
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Proof of Claim 6.18. This follows directly from our induction hypothesis. o

In order to generate a set of “good” candidate witnesses, we will also need the following subroutines.
Claim 6.19. There exists a randomized polynomial-time algorithm Approx-depth such that, for every x €
{0,1}" and ¢’ € N, Approx-depth(z, £') outputs, with probability at least 1 — 2~ an integer s satisfying

pRIO () — pKIUO() < 5 < pko™ MO () — AP 0) 4 log t(n) + log p(p(t (1)),
where p is the polynomial defined in Claim 6.17.

Proof of Claim 6.19. Let Approx be a randomized polynomial-time algorithm that satisfies the following:
Given z € {0,1}™, 1" and 1%, Approx(z, 1*', 1) outputs, with probability at least 1 — 2%, an integer ¢
such that

pKPI9(2) —log p(t') < s < pK"(2).

It is easy to see that such an algorithm Approx can be obtained from the assumption that Gap p—MINpKTO €
prBPP and using success amplification techniques. (See, e.g., [GKLO22, Lemma 28].)
Let ¢ := t(n). By running Approx(z, 17~ ), 1¢+1), with probability at least 1 — 27¢ /2, we get an
integer s1 such that
pKEO(z) —logt < s; < pKP ()0(z).

Similarly, by running Approx(z, 17, 14+1) with probability at least 1 — 27 /2, we get some integer so
such that
KPP (z) —log p(p(t)) < so < pKPDO(x).

Then by a union bound, with probability at least 1 — 2" we have

51— 89 < pK”_l(t)’O(x) — (pr(p(t))’O(x) —log P(p(t))> 35)

and
s1— 52> (pKHO(x) — log(t)) — pKPIC (z). (36)

We can then output
s =81 — s2 + log(t).

It is easy to verify that s satisfies the stated condition in the claim. o

Claim 6.20. There exists a randomized polynomial-time algorithm Valid such that for every (x,y1, 16/) €
{0,1}" x {0,1}*™) x N, with probability at least 1 — 2= (over the internal randomness of Valid) both of
the following hold:

1. If y1 = yj, then Valid(z, y1, 14/) =1
2. IfValid(z,y1, 1Y) = 1, then it holds that

pK? )0z, 1) < pKIW O (@) 4 log ¢ (n + v(n)) + log p(q(n)).

Proof of Claim 6.20. Again, let Approx be a randomized polynomial-time algorithm that satisfies the fol-
lowing: Given z € {0,1}™, 1" and 1%, Approx(z, 1*', 1%) outputs an integer s such that

pKPE)O () —log p(t') < s < pK'O(2),

with probability at least 1 — 27", where p is the polynomial such that Gap p—I\/IINpKTO € prBPP.
Let Valid be the following algorithm.
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Given (x, y,1%), let
0= Approx(gv7 1‘7("), lél“)),

and
1 := Approx ((x, y1), 17~ (@ (ntv(n))) : 1£’+1)> '

We accept if and only if 11 < 0 + log p(q(n)).

We argue that the above algorithm satisfies the two conditions stated in the claim. Indeed, by the correctness
of Approx and a union bound, we have that, with probability at least 1 — 2= both the following two hold.

pK?1N)O (2) —log p(g(n)) < 6 < pKI™O(x),

and
qu/(nJrv(n)),O(x’ 2/1) o log q/(n + v(n)) < I < pr_l(ql(n+v(n)))'O(-T,yl).

Now to see that Valid(z, y}, 1Y) = 1, observe that in this case
< pKP (@ (ru(m)).0 (%)
< pKPEM).O ()
< 0 +log p(q(n)),

where the second inequality uses the facts that ¢’ is a sufficiently large polynomial and that given oracle
access to O, one can recover y; in polynomial time given z.
For the second condition, if Valid(z, y1, 1¢) = 1, then it implies that

pK? DO (g 41 ) —log ¢/ (n + v(n)) < p
< 6 +log p(q(n))
< pKY™-9(2) + log p(g(n)).

This completes the proof. o

We are now ready to describe our algorithm for deciding L.

Algorithm 4 An algorithm for deciding L

1: procedure A(z, 1%)

2 n = |z|.

3 s := Approx-depth(z, 1¢+2).

4 s’ = s+ logp(t(n)).

5

6 for i € [¢] do

7 7 := a uniformly random string in {0, 1}7/("),

8 for IT € {0,1}=% do

9: y1 := the output of II(x; r) after running p(¢(n)) steps.
10: if |y1| = v(n) and Valid (:c, 1, 1Z+1°g(€)+3/+4> = 1 then
1 if A/ (a: 1, 1f+10g<f>+s/+4) — 0 then

12: Output True.

13: Output False.
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Correctness. We argue that the algorithm A correctly decides L. Fix z € {0,1}" and £ € N.

First, we assume that the (randomized) algorithm Approx-depth outputs a correct answer for r—that is,
it satisfies the condition stated in Claim 6.19. Note that this occurs with probability at least 1 —2~¢ /4, due to
the choice of the second parameter in the invocation of Approx-depth. We also assume that both algorithms,
Valid and A’, succeed (meaning that the conditions in Claim 6.20 and Claim 6.18, respectively, are satisfied)
in all of their at most £ - 25! executions. By a union bound and the parameter choices in their invocations,
this occurs with probability at least 1 — 27¢/4.

Now consider a single execution of the for loop at Line 6 (i.e., Lines 7-12). Suppose x ¢ L. Note that,
in this case, by the definition of the language L’ and the fact that A’ correctly decides L’ (Claim 6.18), the
condition at Line 11 will not be satisfied for any y;. Therefore, Line 12 will never be reached in this case.

On the other hand, if z € L, then by Claim 6.17, with probability at least 2/3 over r ~ {0, 1}*(™) the
set of candidate witnesses

S = {y1 | y1 is the output of II(z; r) after p(t) steps for some IT € {0, 1}33}, (37)

generated by Line 9, contains y], which is the lexicographically first witness for . To see this, observe that
if the algorithm Approx-depth outputs a correct answer s for z, then we have

pKPEM) (4 | ) < pKHO (2) — pKPE™) (1) + log p(t(n)) (by Claim 6.17)
< s+ logp(t(n)) (by Claim 6.19)
<5

Consider the case when y; = yj. It follows from Claim 6.20 (Item 1) that the condition at Line 10 is
satisfied. Also, since yj is a witness for z, by the definition of L', we have (z, yy) & L’, and hence, by
the fact that A’ decides L’ (Claim 6.18), the condition at Line 11 will be satisfied. Therefore, True will be
output in this case.

Since the above process is executed ¢ times in the for loop, the probability that it never outputs True
when = € L is at most 1/3°.

To conclude, with probability at least

1 1 1 1
>1

1— — — S
4.26 4.2t 4.3t 267

the algorithm will correctly decide whether x € L.

Running Time. We now analyze the running time of the algorithm. Again, we assume that the (random-
ized) algorithms Approx-depth, Valid, and A’ succeed in all their executions, which occurs with probability
at least 1 — 27,
Consider a single execution of the for loop at Line 6. Define the following subset of S (which is defined
in Equation (37)):
S’ :={y1 € S| y1 satisfies the condition at Line 12}.

Now, it is easy to see that a single execution (Lines 7-12) takes time at most

25TL . poly(t(n)) + Z Runtime(A’(x,yl, 1Z)). (38)
y1 €S’

Note that for every 3, € &, it follows from Claim 6.20 (Item 2) that

pK? (om0 (1 y1) < pKI™M O (2) + log ¢/ (n + v(n)) + log p(g(n)). (39)
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Therefore, for every such y;, we have
Runtime (A’(x, Y1, 1£)>
< exp(qu,(”Jr”(”))’o(x,yl) — K(z, yl)) - poly(n, £) (by Claim 6.18)
< exp<qu(”)’O(x) +1og ¢ (n + v(n)) +log p(g(n)) — K(z, y1)> -poly(n,¢)  (by Equation (39))
< exp(pKI™ O (2) — K()) - poly(n, )
It follows that the quantity in Equation (38) is at most
21 poly(t(n)) + 2+ - exp (pKU™O () — K() ) - poly(n, ) (by |8'] < 27
< exp(s') - exp (pKI™ O () — K() ) - poly(n, )
< eXp(prfl(t(”))’o(flf) — pKPPEDO (7)1 logt(n) + log p(p(t(n))) + logp(t(n)))
(by Claim 6.19)
exp (pKIO (@) = K() ) - poly(n, ) - poly(n, )
< exp(pril(t(”))’O(a:) — K(:c)) : exp(qu(")’O(a:) — K(:c)) - poly(n, £) (by Lemma 2.24)
< exp(pKI™ O (2) — K(w) ) - exp(pKI™ O () — K(z)) - poly(n, {)

< exp(pK? () — K(x) ) - poly(n, ©),

where the second last inequality holds by letting ¢(-) > p(g(+)). This completes the proof. O

6.3.2 Proof of Lemma 6.13

We are now ready to show Lemma 6.13.

Proof of Lemma 6.13. Assume Gap-MINpKTPH € prBPP. Letk € Nand L € EE.

Given Theorem 2.25, it suffices to show how to decide L on average over the uniform distribution. The
idea is to obtain a heuristic scheme by using the worst-case algorithm from Lemma 6.14 for deciding L,
along with the fact that pK“"H () — K(z) is small for a uniformly random z € {0, 1}". Details follow.

Let O be a E,E—complete language, and let A be the algorithm from Lemma 6.14 that satisfies the
following. Given £ € N and 2 € {0, 1}", with probability at least 1 — 27¢, A(z, 1) runs in time

ZO(PKQ(">‘O(I)—K(90)) . pO|y(’I’L,€)
and decides whether z € L, where ¢ is a polynomial satisfying that for all z € {0,1}", pKa(lz D’O(:c) <
|z + Olog |z]).

We now describe a heuristic scheme for solving L over the uniform distribution. Let B be the following
algorithm:

On input (z, 1™, 1%), where |x| = n, set cutoff := p(n, k), where p is a polynomial specified
later. Run A(z,1"2) for cutoff steps. If it halts, output the returned answer; otherwise output
L.
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We argue the correctness of B. By the fact that for every z € {0,1}", A(z, 13) only errs with probability at
most 273 = 1/8 (over the internal randomness of A), we get that

Pr[B1" 1% € {L(x), 1}] > g

It remains to show that

1 1
P Pr[B(z,1",1%) = L -1 >21—-—.
o CES U RN R R

Note that by construction, it is sufficient to show that with probability at least 1 — 1/ over z ~ {0, 1}", we
have

ar[Runtime(A(af, 1%)) < cutoff] > %

First of all, for every = € {0, 1}", we have that with probability at least 7/8 (which is greater than 4/5) over
its internal randomness, A(x, 1%) runs in time

2O(qu(n)y(9(x)—K(w)) . po|y(n) 0

Firstly, for every x € {0,1}", we have
pKIM:C(2) < n+ O(logn).
Secondly, by Lemma 2.22, with probability at least 1 — 1/ over x ~ {0,1}",
K(z) <n—0O(logn) — log k.

It follows that with probability at least 1 — 1/x over z ~ {0,1}", the runtime given by Equation (40) is at
most

exp(n + O(logn)) —n + O(logn) + logk)) - poly(n) < poly(n, k).

By letting p be a sufficiently large polynomial, the above is at most cutoff. This completes the proof. O

6.4 The Deterministic Case

Theorem 6.21. The following statements are equivalent:
1. (Exclusion of PH-Heuristica). DistPH C AvgP — PH = P.
2. (Meta-Complexity of KPH). Gap-MINKTPH € P — Mild-Gap-MINKTPH ¢ P.
As in the proof of Theorem 1.5, Theorem 6.21 follows from the following results.

Theorem 6.22 ([Hir20]). The following holds:
DistPH C AvgP <= Gap-MINKTH ¢ P
Theorem 6.23. The following holds:
NP =P < Mild-Gap-MINKTPH € P.

To prove Theorem 6.22, we first establish the following.
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Lemma 6.24. If Mild-Gap-MINKT3AT € BPP, then NP C BPP.

Proof Sketch. The proof is essentially the same as that of Lemma 6.4. It suffices to consider the notion
(-KBSAT in place of £-pK“SAT . See also the proof of [HLO25, Theorem 34] for details. O

Proof of Theorem 6.23. The forward direction is immediate since Mild-Gap-MINKT"H lies in PH. Note
that PH = P if NP = P.
For the backward direction, first note that Lemma 6.24 implies the following.

Mild-Gap-MINKTPH ¢ P — NP C BPP.

Moreover, as mentioned in Section 1.3, [Hir20] shows that if Gap—MINKTPH € P, then BPP = P (see
[Hir20, Theorem 1.17]). It follows that if Mild-Gap-MINKT?H < P, then we have both NP C BPP and
BPP = P, which together imply NP = P, as desired. O

6.5 A Relativization Barrier

In this section, we exhibit an oracle world where Gap-MINpKT"H is easy while Mild-Gap-MINpKTH
is hard. To make the statement that we aim to prove precise, we first explain the relativization of these
computational problems. As usual, this is obtained by providing oracle access to all machines involved in
the computation.

Relativization. For a string x € {0,1}", a time bound ¢, a parameter A\ € [0, 1], and languages L, O C
{0,1}*, the (L, O)-oracle probabilistic t-time bounded Kolmogorov complexity of x is defines as

ng\’L’O(m) £ min{s eN

m?orut [Kt’L’O(x | ) < 3] > )\},

where K&:O (2 | r) denotes the conditional ¢-time bounded Kolmogorov complexity of - with oracle access
to both L and O.

For a function p: N — N and oracles L and O, let Gap p—MINpKTL 'O be the following promise problem:
Given (x,1%,1"), where z € {0,1}" and s,¢ € N, decide whether pK4L© () < s (“yes” case) or

2/3-1/100
pKIQ)%’LO(ﬂf) > s+ log p(t) (“no” case).

Let O be an oracle. We say that Gap—MINpKTPHO’O € prBPPY if for every language L € PH?, there is
a polynomial p and an oracle probabilistic polynomial-time algorithm that solves Gap p-MleKTL 'O when
given oracle access to O.

Analogously, we consider the collection of problems I\/IiId—Gap—MINpKTPHO’O, for each L € PHC.

Each problem Mild—Gapp—MleKTL’O is similar to Gapp—MINpKTL’O except for that in the no case, we

;J;?f’(‘x')’L’O(x) > s+ log p(t) instead of ngg’L’O(Jﬂ) > s+ log p(t).

The statement MiId—Gap—MINpKTPHO’O ¢ prBPPY means that there is a language L € PH? such that
for no constant ¢ > 1 and polynomial p(n) = ¢ - n¢ we have Mild-Gapp-MINpKTL’O € prBPPY.

have pK

Theorem 6.25 (Oracle world where Gap-MINpKTPH is easy while Mild-Ga p-MINpKTPH is hard).
There is an oracle O such that Gap-MINpKTPH?© ¢ prBPP? but Mild-Gap-MINpKTPH?© & prBPPC.

Recall that, for an oracle O, DistPH® denotes the set of all distributional problems (L, D) where L €
PH® and D € PSAMP®. The proof of Theorem 6.25 relies on the following oracle separation, which is an
immediate consequence of [Imp11, HN21].
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Theorem 6.26 ([Impl1, HN21]). There is an oracle O C {0,1}* such that DistPH® C AvgBPP® and
PH® ¢ BPPC.

We are now ready to prove Theorem 6.25.

Proof Sketch of Theorem 6.25. Since the argument is straightforward given Theorem 6.26 and the proof of
Theorem 1.5, we only provide a sketch here. We consider the oracle O C {0, 1}* provided by Theorem 6.26,
and verify that it satisfies the required properties in Theorem 6.25.

1) Proof that Gap-MINpKTPH?:© ¢ prBPPY. By assumption, DistPH® C AvgBPP?. Let I € PHO.
We need to prove that there is a polynomial p and an oracle probabilistic polynomial-time algorithm that
solves Gap p—MINpKTL’O when given oracle access to (0. We rely on the following lemma.’

Lemma 6.27 (Relativized form of Lemma 6.12). For oracles L1, Ly C {0,1}*, if (MINKTE0E2 1)
AvgBPP%2, then Gapp-l\/IINpKTLl’L2 € prBPP%2 for some polynomial p.

Assuming Lemma 6.27, we proceed as follows. We apply the lemma with .; = L and Ly = O,
which simplifies the assumption to (MINKTZC PSAMP®) C AvgBPP®. Since it is not hard to see that
MINKT®O e PHO, the assumption of Lemma 6.27 holds (using that DistPH® C AvgBPP®). Therefore,
it follows that Gap p—MINpKTL’O € prBPP? for some polynomial p, as desired.

It remains to prove Lemma 6.27. The proof is a simple adaptation of that of [HLO25, Proposition 58] to
the relativized setting. Since it requires no new idea, we omit the details.

2) Proof that Mild-Gap-MINpKTPH:© ¢ prBPPC.  Recall that, by construction, PH® ¢ BPP?. Next,
we use this separation to argue that Mild-Ga p-I\/IINpKTPHO’O ¢ prBPPY. In more detail, we establish the
contrapositive, i.e., if Mild-Gap-MINpKT?H":© ¢ prBPP® then PH® C BPP?. Since NP® C BPP?
yields PH® C BPPY, it suffices to argue the assumption implies that NP® C BPPY.

To achieve this, it is sufficient to establish the following lemma.

Lemma 6.28 (Relativized form of Lemma 6.4). For any O C {0,1}*, if Mild-Gap—MINpKTPHO’O €
prBPP?, then NPC C BPPO.

It is straightforward to check that the proof of Lemma 6.4 extends to Lemma 6.28. The key point is that
all techniques employed in the proof relativize. We omit the details. O
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A On Symmetry of Information for nKt

[Ron04] showed that Symmetry of Information (Sol) does not hold for Kt. Since the argument rela-
tivizes, it follows that Sol does not hold for Kt>AT either (where the queries are allowed to be adaptive).
Recall that nKt is related, within a constant, to Kt complexity with non-adaptive queries to a SAT oracle
(see Corollary 3.2 and Corollary 3.4). Nevertheless, the proof technique of [Ron04] does not seem to extend
to show failure of Sol for nKt.

To clarify why this technique falls short and to highlight the role of adaptivity, we present a proof that
Sol fails in a hybrid setting: the left-hand side uses Kt with access to a SAT oracle with up to two levels
of adaptivity, while the right-hand side terms employ nKt. Whether symmetry of information fails for nKt
remains an open problem.

Theorem A.l. There is a constant € > 0 such that for every large enough n € N, there exist strings
x,y, € {0,1}" such that
Ktl2SAT (2, 4) < nKt(z) + nKt(y | z) — en.

Here, for an oracle @ and a constant d € N, Ktl¢© refers to the complexity measure Kt wherein the
universal machine may make oracle calls to O with up to d levels of adaptivity.
We will need the following lemma.

Lemma A.2. For every n € N, constant d € N, and language A € NP, there exist strings x1,...,xq €
{0,1}" satisfying

n

Z Kt”A(xi | X1, ...,mi_l) >d- 5
i€(d]

and n
Ktlad(z, ..., 24) < 5 + O(logn).

Proof. We employ an idea from [Ron04]. Fix n,d € N, and for i € [d], let z; be the lexicographically first
string of length n such that

KtHA({EZ’ | X1, ...,.CL’Z'_Z') >

SE

Note that
n

Z Kt”A(l’i ‘ ry, ...,l‘z;l) >d- 5
1€[d]

Now, consider the following brute-force algorithm to find z; given (z1, ..., x;—1).
Let S be an empty set at first. For every j € [n/2], for every w € {0,1}/, letting t = 2/2~7,
let z,, be the output of a universal non-adaptive A-oracle TM run on input (w, x1, ..., x;—1) for

t steps. (If the input does not encode a program making all of its oracle queries in parallel, do
not output anything.) Add the output z,, to S.
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Once the above is complete, sort .S lexicographically, and let z; be the lexicographically small-
est string not in S.

We note that when simulating the procedure described above, we can collect the set of queries to
the SAT oracle requested by each machine and submit all queries simultaneously to the oracle.
For this reason, non-adaptive access to the SAT oracle is sufficient.

Observe that the algorithm described above runs in time at most
g -1 . 97/270 1 O(|S| - log |S]) < n? - 2/2

and requires program size at most O(logn) provided non-adaptive access to an A oracle.
Moreover, repeating the above d times to produce all strings 21, ..., 24 takes time at most d - n2 - 2/2,
making queries to a A oracle with at most d levels of adaptivity. We obtain

Ktled (21, ..., 2q) < O(logn) + log(d - n? - 27/?)
< g + O(logn).

This completes the proof of the lemma.

We are now ready to prove Theorem A.1.

Proof of Theorem A.1. Applying Lemma A.2 with d = 2 and A = SAT, for every n € N, we obtain strings
x,y € {0,1}" such that

KEl#SAT (2, ) < KelSAT () + KelAT(y | 2) — 2 4 O(log ).

Then, by Lemma 3.2,

KtH2SAT(;E’ y) < nKt(iL’) + nKt(y ’ :B) - %’

as desired. O
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