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Summary. Device-independent protocols use untrusted quantum devices to achieve a cryptographic task. Such protocols are typically based on Bell inequalities and require the assumption that
the quantum device is composed of separated non-communicating components. In this submission,
we present protocols for self-testing and device-independent quantum key distribution (DIQKD) that
are secure even if the components of the quantum device can exchange arbitrary quantum communication. Instead, we assume that the device cannot break a standard post-quantum cryptographic
assumption. Importantly, the computational assumption only needs to hold during the protocol
execution and only applies to the (adversarially prepared) device in possession of the (classical)
user, while the adversary herself remains unbounded. The output of the protocol, e.g. secret keys
in the case of DIQKD, is information-theoretically secure.
For our self-testing protocol, we build on a recently introduced cryptographic tool [BCM+ 18,
Mah18] to show that a classical user can enforce a bipartite structure on the Hilbert space of a
black-box quantum device, and certify that the device has prepared and measured a state that
is entangled with respect to this bipartite structure. This means that we are able to certify the
existence of entanglement in a single quantum device, a result which may also be of interest for
quantum foundations.
Using our self-testing protocol as a building block, we construct a protocol for DIQKD that
leverages the computational assumption to produce information-theoretically secure keys. For this,
we replace a non-local gate, being applied in the self-testing protocol, with gate teleportation, to
allow an honest two-component device to succeed in the DIQKD protocol using only EPR pairs
and local operations. The security proof of our DIQKD protocol uses the self-testing theorem in a
black-box way to bound the relevant entropic quantities. Our self-testing theorem thus also serves as
a first step towards a more general translation procedure for standard device-independent protocols
to the setting of computationally bounded (but freely communicating) devices.

Introduction. In device-independent protocols, classical parties wish to use an untrusted blackbox device prepared by an adversary to accomplish an information-processing or cryptographic task,
e.g. key distribution. Because the device is untrusted and the classical parties only have black-box
access, a device-independent protocol needs to certify that the device behaves as intended based
solely on the classical input-output behaviour observed by the classical parties.
Most existing device-independent protocols achieve this certification by relying on Bell nonlocality. For this, they assume that the device can be split into two (or more) possibly entangled
components distributed to different classical parties, usually named Alice and Bob. Each classical
party interacts with their component of the device. If the joint input-output behaviour of the
device violates a Bell inequality, this can be used to certify properties of the device, e.g. that it
must have produced a certain amount of entropy [Col06]. Crucially, since the certification is based
on Bell non-locality, it is necessary to assume that the different components of the device do not
communicate with each other during the protocol; otherwise, even classical devices could violate
a Bell inequality, and the certification is rendered useless. We call this the non-communication
assumption (also sometimes called the locality assumption).
In our work, we show that for two important device-independent tasks, self-testing and DIQKD,
this non-communication assumption can be replaced by a computational assumption on the device
(not the adversary). More precisely, we impose no partition into non-communicating components;
instead, we assume that the device cannot efficiently solve the Learning with Errors (LWE) problem,
a standard assumption in post-quantum cryptography [Reg09, Pei16]. Importantly, this computational assumption needs to hold only during the protocol execution: if the device is unable to break
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the LWE problem during the short time it takes to run the protocol, the classical parties can draw
an information-theoretic conclusion, just like in Bell inequality-based device-independent protocols.
For example, in the case of key distribution, the key generated at the end of the protocol will be
information-theoretically secure, i.e. secure against unbounded quantum adversaries. This is known
as everlasting security [Unr18].
Considering alternatives to the non-communication assumption is well-motivated by realistic
implementations of device-independent protocols: in the standard non-communication setting, the
different components of the device need to share entanglement to be able to succeed in the protocol;
in practice, this entanglement is distributed “on the fly” between rounds of the protocol via a quantum
channel connecting the two components, making it difficult to perfectly shield the components from
each other during rounds of the protocol. Alternatively, one could enforce non-communication by
the laws of special relativity; however, this requires Alice and Bob to be sufficiently far apart and
is challenging to implement experimentally.1
In addition to suggesting an alternative approach towards device-independent cryptography,
protocols such as ours may also be of foundational interest: device-independent entanglement certification is usually closely linked to non-local correlations arising from bipartite systems (as quantified
by Bell inequality violations). In our work, no pre-existing bipartition of the system is present, but
we are still able to certify entangled states and measurements in a device-independent way.
Self-testing. The goal of self-testing [SW87, PR92, MY04] is to certify that a device prepared a
specific quantum state, e.g. an EPR pair, and measured this quantum state in specific bases chosen
by the classical parties, e.g. a choice of computational or Hadamard basis for each qubit of the
EPR pair. In the standard scenario with a two-component device, if the device succeeds in the
self-testing protocol, we can conclude that there are local changes of basis for each component of
the device (described by a local isometry) under which the device’s actual state and measurements
are mapped to the desired ones.
In our self-testing protocol, we drop the non-communication assumption, as we wish to allow
quantum communication between the different components of the device. Hence, we can no longer
assume a pre-existing tensor product structure on the device’s global Hilbert space, and local changes
of basis are not well-defined. To make a meaningful self-testing statement on a global Hilbert space,
we note that self-testing certifies both the device’s states and measurements, i.e., it certifies the
relation between states and measurements, a basis-independent property that does not rely on a
pre-existing tensor product structure.
Our protocol is a three-round interaction between a classical party and a quantum device, at
the end of which the classical party decides to either “accept” or “reject” the device. Informally, the
guarantee provided by our protocol is the following (for the formal statement, see [MV20, Theorem
4.38]):
Theorem (Informal). A device’s strategy in the protocol is described by a quantum state and the
measurements that the device makes on the state to obtain the (classical) answers received by the
(classical) user. If a computationally bounded device is accepted in our protocol with probability 1−ε,
then there exists an isometry V such that for a universal constant c > 0 and under the isometry V :
(i) the device’s state is O(εc )-close (in trace distance) to a Bell pair,
(ii) a subset of the device’s measurements are O(εc )-close to single-qubit measurements in the
computational or Hadamard basis, where the measurement bases are chosen by the user. Here,
“closeness” is measured in a distance measure suitable for measurements acting on a state.
This means that a device that succeeds with high probability must have prepared a Bell pair
and performed single-qubit measurements on it, up to a small error and a global change of basis
applied to both the device’s state and measurements.
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It is possible to relax the non-communication assumption and allow a limited amount of communication between
the components of the device [SPM13, TCB+ 19, TCWP20]. However, this limit on the communication is a devicedependent assumption that cannot be certified as part of a device-independent protocol.
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Device-independent quantum key distribution. In DIQKD, two honest classical parties,
Alice and Bob, try to establish a secure key using a black-box device prepared by an adversary Eve.
The device consists of two components, one given to Alice and one to Bob, and it is usually assumed
that these components cannot communicate with each other during certain steps the protocol.
In our DIQKD protocol, similarly to our self-testing protocol, we replace the non-communication
assumption by a computational assumption. This means that our setting explicitly includes the
quantum channel between the different components that allows an honest device to distribute entanglement “on the fly”. An adversarial device may use this channel in an arbitrary way, not just
for entanglement distribution.
To use our self-testing protocol for DIQKD, we first make a key modification: if we directly
translated the (single-device) self-testing protocol to the DIQKD setting (with two freely communicating components), the honest device would need to perform an entangling gate between its two
components. However, we would like an honest device to be able to succeed in the protocol with
the same non-local resources as those required in a standard DIQKD protocol, i.e., shared EPR
pairs. To this end, we modify the self-testing protocol so that the honest device can use gateteleportation [GC99, CLN05] instead of applying the non-local gate directly, and show that this
does not compromise the soundness of the self-testing protocol against adversarial devices.
To generate the raw data from which a secure key can be extracted by classical post-processing,
Alice and Bob repeatedly run the modified self-testing protocol and record the device’s classical
outputs. They then and use classical communication to check whether the device satisfies the
conditions of the modified self-testing protocol.
If the device succeeded in a sufficiently high proportion of rounds, we can apply our self-testing
theorem to the reduced state of the device (i.e., without Eve’s system, since only the device prepared
by Eve is computationally bounded, whereas Eve herself is not). This implies that (up to a change of
basis) the states and measurements used by the device to generate Alice’s and Bob’s classical outputs
must have been close to EPR states and computational/Hadamard basis single qubit measurements.
Since the device must have approximately prepared an EPR state, Eve’s system cannot be very
entangled with the device’s state. Hence, we can prove a lower bound on the key rate of our
protocol, i.e., the rate at which Alice and Bob can produce shared bits that look uniformly random
to Eve.
Main technical contributions. Our main technical contribution is the construction and security analysis of the self-testing protocol described above. The cryptographic primitive underlying
this protocol is a so-called extended noisy trapdoor claw-free function family (ENTCF family), introduced in [Mah18, BCM+ 18]. In [GV19], ENTCF families were used for verifiable remote state
preparation, a task which is reminiscent of self-testing, but only deals with single-qubit states and
does not explicitly certify the device’s measurements.
With [GV19] as a starting point, there are two main challenges in constructing a self-testing
protocol for EPR pairs: firstly, we need a high level of control over the device’s (a priori unstructured) Hilbert space to enforce a bipartite structure, a problem reminiscent of proving direct product
theorems in theoretical computer science [GS00]. Secondly, we need to certify that the device has
prepared a state that is entangled with respect to this bipartite structure, and that it has measured
this entangled state in a basis chosen by the classical party. Such a fine control over the device’s
states and measurements was not achieved in previous works [BCM+ 18, Mah18, GV19] and is a
prerequisite for our DIQKD protocol.
Specifically, we need to show that the device’s actual measurement operators can be approximately mapped to the desired single-qubit computational and Hadamard basis measurements. This
step, called operator rounding, is common in standard self-testing, but crucially relies on a preexisting bipartition of the Hilbert space [MY04]. To perform operator rounding on a global Hilbert
space without substructure, we combine the standard operator rounding techniques with the fact
that the cryptographic assumptions allow for blind state preparation, meaning that the device does
not know which state it has prepared. This “cryptographic operator rounding” is the main technical
innovation of our work and allows us to establish a bipartite structure on the device’s Hilbert space
solely from the classical input-output behaviour. An additional check in the protocol then ensures
that the entangling operation was applied correctly with respect to this bipartite structure.
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