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Quantum Computing: Then and Now

Six years ago, we argued that quantum computing was
approaching the transition from scientific theory toward
commercial reality. Since then, the field has made meaningful
progress, although significant challenges remain. Most
importantly, researchers have demonstrated a critical principle
of quantum error correction: under the right conditions, adding
more physical qubits can make quantum information more
reliable rather than less."? That development changes the nature
of the problem. The central question is increasingly shifting
from whether fault-tolerant quantum computing is scientifically
possible to how quickly it can be engineered and scaled—and
when it might begin solving economically valuable problems.

From Physical to Logical Qubits

A classical computer stores information in bits that take a value of either O or
1. Quantum computers use qubits, which exploit the properties of quantum
mechanics to represent and manipulate information differently. Adding qubits
rapidly expands the mathematical state space a quantum computer can
represent, but useful computing power depends on more than qubit count. It
also requires accuracy, speed, connectivity, and, critically, error correction.

That is why the industry is shifting its attention from physical qubits to
logical qubits. Physical qubits are the individual hardware components and
are inherently noisy. A logical qubit spreads quantum information across
multiple physical qubits so the system can detect and correct errors without
destroying the information being protected.?

" Counterpoint Global, “Quantum Computing,” Counterpoint Global Insights, October 2020. The
original paper described quantum computing as approaching commercial reality and identified
error correction and scaling as central challenges.

2 Google Quantum Al and Collaborators, “Quantum Error Correction Below the Surface Code
Threshold,” Nature 638, 920-926 (2025), DOI: 10.1038/541586-024-08449-y.
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A simple analogy is storing an
important record in several locations
and continually checking the copies.
One component may fail, but the
group can preserve the underlying
information. Physical-qubit counts
describe the size of a machine.
Logical qubits begin to describe

how much reliable work it may
eventually perform.

Error Correction Changes
the Problem

Quantum error correction is not
new. What remained unproven on a
quantum processor was the scaling
behavior required for a practical
computer: whether adding more
physical qubits to an error-correcting
code could produce a lower logical
error rate.

Google's Willow processor provided an
important demonstration. Google built
progressively larger error-correcting
logical qubits and found that reliability
improved as the amount of error
correction increased. In its largest

test, the logical memory preserved
information longer than its best
constituent physical qubit, and Google
demonstrated real-time decoding
across as many as one million error-
correction cycles.?

This is known as operating below
threshold. Above the threshold,
additional hardware introduces more
errors than the redundancy can
correct. Below it, making the error-
correcting code larger can make the
logical qubit increasingly reliable. That
is the scaling property fault-tolerant
guantum computing requires.

=%

The pattern is not limited to one
architecture. Inflegtion has demonstrated
fault-tolerant operations on logical
qubits using neutral atoms, while a
Microsoft and Quantinuum experiment
on trapped-ion hardware reported
large improvements in logical error
rates using combinations of correction
and detection.>* These experiments
use different hardware, codes, and
metrics, so their results are not directly
comparable. The broader point is more
important: logical performance has
begun to exceed physical performance
across multiple systems.

Logical qubit count helps determine how
much information a machine can process;
logical error rate helps determine how
long it can keep calculating before an
uncorrected error spoils the result. A
useful quantum computer needs both

3 Woo Chang Chung et al., “Fault-Tolerant Operation and Materials Science with Neutral Atom Logical Qubits,” npj Quantum Information 11,193 (2025),

DOI: 10.1038/541534-025-01095-w.

* Adam Paetznick et al., “Improved Quantum Processor Logical Error Rates via Correction and Detection,” Nature 654, 349-355 (2026), DOI: 101038/

s41586-026-10628-y.
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enough logical qubits to represent an
important problem and sufficiently low
error rates to finish solving it. Company
roadmaps increasingly frame progress in
those terms rather than physical-qubit
counts alone.®

Q-Day Moves into the
Planning Horizon

One of the best-understood applications
of quantum computing is breaking public-
key cryptography. Peter Shor showed
that a sufficiently capable quantum
computer could factor large integers far
more efficiently than known classical
methods, potentially undermining RSA
and related cryptographic systems.®

In 2020, we wrote that a perfectly
functioning quantum computer with
roughly 4,700 qubits could theoretically
break RSA-2048. Those were
effectively perfect logical qubits, not
today's noisy physical qubits.! A 2021
study estimated that the calculation
could require 20 million noisy physical
qubits under specified assumptions;

a 2025 Google Quantum Al preprint
reduced the estimate to fewer than one
million, largely through improvements
in algorithms, arithmetic, logical-qubit
storage, and error correction.”®

The day on which a quantum
computer can break widely used
public-key cryptography is commonly
called Q-Day. lIts timing remains
uncertain, but the threat has moved

into institutional planning horizons.
Google has set 2029 as the deadline
for completing its migration to
post-quantum cryptography, while
NIST finalized its first principal post-
quantum cryptography standards in
2024 and says organizations should
begin applying them now.>" “Store
now, decrypt later” attacks make the
issue relevant before Q-Day because
intercepted data may remain valuable
long enough to be decrypted by a
future machine.®

Why It's Disruptive
Cryptography is the best-understood
application of quantum computing,
but potentially not the most valuable.
The larger case rests on simulation.
Quantum systems naturally represent
other quantum systems, creating the
possibility of modeling molecules

and materials that become extremely
difficult for classical computers.

Our original paper highlighted
catalysts, batteries, pharmaceuticals,
solar materials, fertilizers, and
superconductors as candidates.

Early evidence points in that direction
without yet establishing commercial
usefulness. Inflegtion used two logical
qubits in a prototype materials-
science calculation.?® Google's
“Quantum Echoes” experiment ran a
set of circuits roughly 13,000 times
faster than its estimate for the best

classical algorithm on the Frontier
supercomputer, and a companion
experiment applied the method to
molecular-structure analysis." Neither
result represents a commercial
application, and neither is yet a
demonstration of economic value.

Optimization, finance, and machine
learning are more contingent
because any advantage must

survive data preparation, repeated
sampling, verification, and continuing
improvement in classical methods.

A realistic path to commercial value
may therefore be narrow: a quantum
processor need not replace an entire
workflow if it can accelerate one
economically consequential step that
classical systems handle poorly.

The Quantum-Classical Model

Quantum computers are unlikely to
replace classical computers. They are
more Likely to function as specialized
accelerators inside classical computing
environments. A quantum processing
unit, or QPU, may perform the portion
of a calculation for which quantum
mechanics provides an advantage,
while CPUs and GPUs prepare data,
control the hardware, decode error
signals, and complete the work before
and after the quantum calculation.
Large-scale error correction may

itself require substantial low-latency
classical computing.”

51onQ, “Industry-Leading Roadmap,” company technology roadmap, accessed August 27, 2026.

& Peter W. Shor, “Polynomial-Time Algorithms for Prime Factorization and Discrete Logarithms on a Quantum Computer,” SIAM Journal on Computing 26,
no. 5 (1997): 14841509, DOI: 10.1137/S0097539795293172. Originally presented at FOCS 1994.

7 Craig Gidney and Martin Eker3, “How to Factor 2048-Bit RSA Integers in 8 Hours Using 20 Million Noisy Qubits,” Quantum 5, 433 (2021), DOI: 10.22331/

q-2021-04-15-433.

8 Craig Gidney, “How to Factor 2048-Bit RSA Integers with Less Than a Million Noisy Qubits,” arXiv:2505.15917 (2025). Preprint; not peer reviewed.
 Heather Adkins and Sophie Schmieg, “Google’s Timeline for PQC Migration,” Google, March 25, 2026; Kent Walker and Hartmut Neven, “The Quantum

Erals Coming. Are We Ready to Secure It?” Google, February 6, 2026; both accessed August 29, 2026.

© National Institute of Standards and Technology, “Post-Quantum Cryptography,” including the 2024 publication of FIPS 203, FIPS 204, and FIPS 205
and the transition framework described in NIST IR 8547, accessed August 29, 2026.
" Google Quantum Al and Collaborators, “Observation of Constructive Interference at the Edge of Quantum Ergodicity,” Nature 646, 825-830 (2025),
DOI: 10.1038/541586-025-09526-6; “Quantum Computation of Molecular Geometry via Many-Body Nuclear Spin Echoes,” arXiv:2510.19550 (2025),
preprint; Google Quantum Al, “A Verifiable Quantum Advantage,” October 22, 2025, accessed August 29, 2026. The 13,000-times figure is Google's

estimate of the classical cost.

2 NVIDIA, “NVIDIA Introduces NVQLink, Connecting Quantum and GPU Computing,” October 2025, accessed August 29, 2026; “Platform Architecture
for Tight Coupling of High-Performance Computing with Quantum Processors,” arXiv:2510.25213 (2025), preprint.
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This model broadens the ecosystem.
Useful systems will require not only
quantum processors but also control
electronics, cryogenics or photonics
depending on the architecture, software,
networking, real-time decoding,

and conventional high-performance
computing. The QPU may therefore
enter the data center as an additional
processor optimized for a distinct class
of problems, much as the GPU did.”

Competing Architectures

There is still no standardized quantum
equivalent of the transistor. Several
architectures are advancing in parallel,
each with different strengths and
engineering challenges. The comparison
below is intentionally simplified;
performance depends on the specific
implementation and continues to
change quickly."”

What This Means for Investors

For investors, the key question is
shifting from whether quantum
mechanics can support scalable
computation to when sufficiently
reliable systems will solve
economically valuable problems, which

APPROACH BASICIDEA

architectures will do so, and where
in the ecosystem the resulting value
will accrue.

The eventual winners may not be
limited to the companies building
quantum processors. The quantum-
classical model creates potential
opportunities across control
electronics, photonics, cryogenics,
software, networking, real-time
decoding, and high-performance
computing—even before broadly
useful fault-tolerant systems arrive.”

We believe three indicators deserve
particular attention: the number

of reliable logical qubits, the

logical error rate, and evidence of
economically useful advantage over
classical alternatives. The first two
measure whether the technology is
becoming technically capable; the third
will determine whether that capability
creates commercial value.

Architecture remains an important
uncertainty. DARPA is explicitly
evaluating multiple approaches in its
Quantum Benchmarking Initiative rather
than assuming a single winner For

POTENTIAL ADVANTAGE

investors, that argues for focusing less on
headline physical-qubit counts and more
on demonstrated logical performance,
scalability, system economics, and
evidence of useful applications.

Reasons for Caution

The history of quantum computing
rewards caution. Google's 2019
Sycamore experiment was presented as
a calculation that would take a classical
supercomputer 10,000 years; three
years later, researchers generated one
million uncorrelated samples from

the same circuit in roughly 15 hours

on 512 GPUs.® Classical methods have
improved in response to nearly every
quantum-advantage claim so far.

The error-correction results are

also narrower than the headlines

can suggest. Willow demonstrated
below-threshold scaling for a quantum
memory rather than a large set of
logical gates, which is the harder
problem.? The best demonstrations
remain far below roadmaps calling
for thousands of logical qubits and
cryptographic estimates on the order
of a million physical qubits.*>®

KEY CHALLENGE

Superconducting
absolute zero

Artificial circuits cooled near

Fast operations; leverages chip-fabrication

technigues

Shorter-lived quantum states, error
correction, and cryogenic scaling

Trapped ions Charged atoms held in

electromagnetic traps

High-fidelity operations and naturally
uniform qubits

Slower operations and engineering large
interconnected systems

Neutral atoms
controlled with lasers

Uncharged atoms positioned and

Large, reconfigurable arrays and
long coherence

Control fidelity, atom loss, and fault-
tolerant scaling

Photonic
particles of light

Quantum information encoded in

modularity

Networking, connectivity, and potential

Photon loss and resource overhead for
error correction

Silicon spins
semiconductor devices

Electron or nuclear spins controlled in

Potential compatibility with
semiconductor manufacturing

Uniform fabrication, control, and scaling
beyond small devices

Sources: NIST: Nature Electronics; Nature Materials; DARPA.®

B National Institute of Standards and Technology, “Quantum Computing Explained,” accessed September 3, 2026; Nature Electronics, “Betting on
Qubits,” 2025; Nature Materials, “The Photonic Path to Quantum Advantage,” November 26, 2025; Nature Materials, “Tweezer Arrays Advance Quantum
Computing,” November 21, 2025; Defense Advanced Research Projects Agency, Quantum Benchmarking Initiative materials. These sources describe the
principal hardware approaches and their broad engineering tradeoffs.

"«

™ Defense Advanced Research Projects Agency, “Quantum Benchmarking Initiative”; “Quantum Benchmarking Initiative Expands Quest to Separate Hype
from Reality,” March 10, 2026; Stage B selection materials, accessed September 3, 2026.
s Frank Arute et al., "Quantum Supremacy Using a Programmable Superconducting Processor,” Nature 574, 505-510 (2019), DOI: 10.1038/s41586-

019-1666-5; Feng Pan, Keyang Chen, and Pan Zhang, “Solving the Sampling Problem of the Sycamore Quantum Circuits,” Physical Review Letters 129,
090502 (2022), DOI: 10.1103/PhysRevLett.129.090502.
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Several questions still need to
be answered:

= Can below-threshold error
suppression continue at much larger
code sizes and across logical gates?

= (Can logical-error metrics become
comparable enough to evaluate
vendors on a common basis?

= Which applications justify the full

Conclusion

The case that quantum computing
could become a foundational
technology is stronger than it was
in 2020. The biggest change is error
correction. Researchers have now
demonstrated the scaling behavior
on which fault-tolerant quantum
computing depends: under the right
conditions, a quantum system can
become more reliable as its error-

A central scientific proposition is
increasingly becoming an engineering
and systems problem. Logical error
rates will help determine how
quickly the industry progresses from
short experiments to deep, useful
calculations. Declining estimates for
cryptographic workloads, late-decade
hardware roadmaps, and the global
transition to post-quantum security
suggest that quantum computing

cost of the quantum and classical
infrastructure required to run them?

= Will one architecture dominate, or
will the market support several
specialized approaches?

correcting code becomes larger.?

That result does not complete the path
to a useful quantum computer, but it
changes the nature of the challenge.

is entering a more consequential
phase—even as the timing, winning
architectures, and ultimate commercial
applications remain uncertain.

Risk Considerations

There is no assurance that a Portfolio will achieve its investment objective. Portfolios are subject to market risk, which is the possibility
that the market values of securities owned by the Portfolio will decline and that the value of Portfolio shares may therefore be less than
what you paid for them. Market values can change daily due to economic and other events (e.g. natural disasters, health crises, terrorism,
conflicts and social unrest) that affect markets, countries, companies or governments. It is difficult to predict the timing, duration, and
potential adverse effects (e.g. portfolio liquidity) of events. Accordingly, you can lose money investing in this Portfolio. Please be aware that
this Portfolio may be subject to certain additional risks. In general, equities securities’ values also fluctuate in response to activities specific
to a company. Investments in foreign markets entail special risks such as currency, political, economic, market and liquidity risks. The risks
of investing in emerging market countries are greater than risks associated with investments in foreign developed countries. Privately
placed and restricted securities may be subject to resale restrictions as well as a lack of publicly available information, which will increase
their illiquidity and could adversely affect the ability to value and sell them (liquidity risk). Derivative instruments may disproportionately
increase losses and have a significant impact on performance. They also may be subject to counterparty, liquidity, valuation, correlation and
market risks. Illiquid securities may be more difficult to sell and value than public traded securities (liquidity risk).

IMPORTANT INFORMATION

There is no guarantee that any investment strategy will work under all
market conditions, and each investor should evaluate their ability to invest
for the long-term, especially during periods of downturn in the market.

A separately managed account may not be appropriate for all investors.
Separate accounts managed according to the Strategy include a number
of securities and will not necessarily track the performance of any
index. Please consider the investment objectives, risks and fees of the
Strategy carefully before investing. A minimum asset level is required.

For important information about the investment managers, please refer
to Form ADV Part 2.

The views and opinions and/or analysis expressed are those of the author
as of the original publication date and are subject to change at any time
due to market or economic conditions and may not necessarily come to
pass. Furthermore, the views will not be updated or otherwise revised to
reflect information that subsequently becomes available or circumstances
existing, or changes occurring, after the date of publication. The views
expressed do not reflect the opinions of all investment personnel at
Morgan Stanley Investment Management (MSIM) and its subsidiaries

and affiliates (collectively “the Firm"), and may not be reflected in all the
strategies and products that the Firm offers.

Forecasts and/or estimates provided herein are subject to change and may
not actually come to pass.

This material is a general communication, which is not impartial and
all information provided has been prepared solely for informational
and educational purposes and does not constitute an offer or a
recommendation to buy or sell any particular security or to adopt
any specific investment strategy. The information herein has not been
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based on a consideration of any individual investor circumstances and
is not investment advice, nor should it be construed in any way as tax,
accounting, legal or regulatory advice. To that end, investors should
seek independent legal and financial advice, including advice as to tax
consequences, before making any investment decision.

This material has been prepared on the basis of publicly available
information, internally developed data and other third-party sources
believed to be reliable. However, no assurances are provided regarding the
reliability of such information and the Firm has not sought to independently
verify information taken from public and third-party sources.

This material is not a product of Morgan Stanley's Research Department
and should not be regarded as a research material or a recommendation.

The Firm has not authorised financial intermediaries to use and to
distribute this material, unless such use and distribution is made in
accordance with applicable law and regulation. Additionally, financial
intermediaries are required to satisfy themselves that the information

in this material is appropriate for any person to whom they provide this
material in view of that person’s circumstances and purpose. The Firm
shall not be liable for, and accepts no liability for, the use or misuse of this
material by any such financial intermediary.

This material may be translated into other languages. Where such a
translation is made this English version remains definitive. If there are any
discrepancies between the English version and any version of this material
in another language, the English version shall prevail.

The whole or any part of this material may not be directly or indirectly
reproduced, copied, modified, used to create a derivative work, performed,
displayed, published, posted, licensed, framed, distributed or transmitted
or any of its contents disclosed to third parties without the Firm's express
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written consent. This material may not be linked to unless such hyperlink
is for personal and non-commercial use. All information contained herein is
proprietary and is protected under copyright and other applicable law.

Morgan Stanley Investment Management is the asset management division
of Morgan Stanley.
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