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In strong-field physics and attosecond science, intense lightinduces
ultrafast electron dynamics. Such ultrafast dynamics of electronsin
matter is at the core of phenomena such as high-harmonic generation,
where these dynamics lead to the emission of extreme-ultraviolet bursts
with attosecond duration. So far, all ultrafast dynamics of matter were
understood to purely originate from the classical vector potential of the
driving light, disregarding the influence of the quantum nature of light.
Here we show theoretically that the dynamics of matter driven by bright
(intense) light significantly depend on the quantum state of the driving light
throughits quantum noise, which induces an effective photon-statistics
force. To provide a unified framework for the analysis and control over
suchaforce, we extend the strong-field approximation theory to account
for non-classical driving light. Our quantum strong-field approximation
theory shows that in high-harmonic generation, experimentally feasible
squeezing of the driving light can shift and shape electronic trajectories
and attosecond pulses at the scale of hundreds of attoseconds. Our work
presents a new degree of freedom for attosecond spectroscopy, by relying
onnon-classical electromagnetic fields, and more generally, introduces a
direct connection between attosecond science and quantum optics.

Ultrafast electron dynamics driven by intense light is central to all
phenomenain strong-field physics and attosecond science’. Exam-
ples include attosecond interferometry>®, attosecond bandgap
dynamics®, ultrafast chiral detection®® and more”®; the prime exam-
ple being high-harmonic generation (HHG) (refs. 9-13). HHG occurs
when an intense light field drives matter (gases’™", liquids™, solids®
or plasma’®) to emit a train of attosecond pulses”, which spectrally
consists of high-order harmonics of the driving field. HHG in the gas
phaseisintuitively understood in terms of the three-step model" "
aninitially bound electron undergoes laser-induced tunnel ioniza-
tion, then accelerates in the continuum by the oscillating laser field
and finally recombines with its parention, releasing its kinetic and
potential energy as a high-energy photon.

Soon after its inception, the classical three-step model> was
generalized by Lewenstein et al. to a quantum mechanical setting",
where matter is quantum and light is classical. Lewenstein’s model,
alsoknown as the strong-field approximation (SFA) theory, allows for
both quantitative analysis and intuitive understanding of attosecond
pulse generation during HHG in terms of ultrafast electron dynamics.
In particular, the duration and chirp of attosecond pulses are directly
correlated with electronic recombination times, and indirectly corre-
lated with ionization times and canonical momenta of the electronic
trajectories.Indeed, the SFA theory plays acritical role in the develop-
ment of attosecond science'®".

Nevertheless, so far, the SFA theory remained semi-classical—it
did not account for the quantum nature of the driving light*. The
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reason for this was twofold. First, since the driving pulse contains a
macroscopic number of photons, its quantum nature was expected
tobeinconsequential, thatis, only the classical vector potential of the
light field plays any role in the induced dynamics. Second, all the experi-
ments in strong-field physics and attosecond science used classical
driving fields (that is, Glauber coherent states™), as it was thought to
betheonlystate of light accessible with high intensities and ultrashort
pulse durations. Importantly, this situation is now rapidly changing,
because ultrashort pulses of intense non-classical light are becoming
well-established drivers of nonlinear optics***, starting to approach
the regime of strong-field physics®>** %, This rapid advance motivates
us to revisit the established SFA theory and consider the effect of the
quantum photon statistics of the driving light on the ultrafast dynamics
ofelectrons. Insightinto the dynamics of electronsin bright quantum
fieldsis especially timely considering the recent developments in quan-
tum optical strong-field physics. Many years after the early quantum
electrodynamical investigations of HHG*°, this field is reignited by
recent photon-counting experiments®, and it continues to develop as
aplatform for quantuminformation processing, forexample, through
the generation of photonic cat states*. Additionally, quantum optical
strong-field physics plays a fundamental role in the explorations of
light-matter entanglement®>°and other examples®.

Here we present the framework of quantum strong-field approx-
imation (qSFA), extending Lewenstein’s SFA theory to account for
non-classical states of intense light that drive atoms or other emit-
ting systems’®. The framework of qSFA reveals a new effect: ultrafast
dynamics of strongly light-driven matter significantly depends on
the quantum state of the driving light, and particularly on its photon
statistics. We study this effect in detail for the example of squeezed
light and show that experimentally feasible squeezing of the driver’s
photonic state modifies HHG ionization and recombination times by
hundreds of attoseconds. Moreover, this modulation of electronic
trajectories by squeezing leaves a pronounced mark on the temporal
profile of the emitted attosecond pulses and on the HHG spectrum.
We further show how to explain these phenomena in terms of short
and long trajectories. Finally, we interpret our results in terms of an
effective photon-statistics force, which is applied by the squeezed
pump onthe electronic system. In general, the qSFA framework opens
the way for the fusion of quantum optics with attosecond science, and
for time-resolved insightsinto the role of the quantum nature of light
in the interplay between three of the most fundamental processes
in physics—ionization, recombination and acceleration of charged
particles by photons.

Results
Quantum optical SFA
The mainresult of the semi-classical SFA theory is ananalytical formula
for the dipole-moment expectation value of anatomin bright (and clas-
sical) laser light. This result played a central role in the development
of attosecond science over the years, as it connects HHG emission
with the underlying electronic dynamics. In this section, we general-
izethisresultand derive ananalytical formula for the dipole-moment
expectationvalue foranelectrondrivenby an arbitrary quantum state
of light. To do so, we decompose the quantum state of the driving light
tosemi-classical Glauber coherent states, where each coherent stateis
denoted by |a). We find that withinthe SFA, the dipole-moment expecta-
tionvaluez(t) of anelectron driven by suchasuperpositionstateis given
by z(t) = f[d*aP(a)z,(t), where P(a) is a distribution of coherent states
specifying the quantum state of the driver and z,(¢) are semi-classical
dipole moments corresponding to an electron driven by coherent
state |a).

Webegin by considering an atomic system thatinteracts with light
of an arbitrary quantum state that can be approximated as a single
mode during the interaction process. The ionization potential of this

atomic system is denoted by /. The density matrix of the driving light
is specified by the positive Prepresentation® P(a, B):

S |a) (B*|
Pdrive = /dzadzﬁp(a,ﬁ)—<ﬂ* @ . 1)

Here|a) =|a, +ia,) is a coherent state of light, where a, and a, are
real-valued parameters that correspond to a classical electromagnetic
wave whose vector potential is given by*°

A (D= % (ae™f + arel@t) z
@

2eM

- [ay cos (wt) + ay sin (wb)] 2.

Here w is the angular frequency of the field, eV = \/hw/2¢e,V is the
so-called single-photon-amplitude®® and Vis the volume of quantiza-
tion, which will be eventually eliminated through the limit V>, The
polarizationislinearalong 2. The corresponding electric field is given
by E, () = — (0A,/0t) - 2 = 26D [—a, sin (wt) + @ cos (wt)] 2.

The density matrix of an electron driven by pg;ive is (Supplemen-
tary SectionI)

B, = f PadBP (o, B) |9z () (B (D), 3)

where |@, ;) are solutions to the semi-classical time-dependent
Schroédinger equation (TDSE):

. 0 |¢a,,8 (t)> 1
lhT = [—EV2+U(Z)—ez~Ea,,;(t) |a (O) . “4)
inwhich U(z) isthe atomic potential. Most generally, the dipole-moment
expectation value is given by

20) = Tripe (2] = f Pad?BP(a, ) (95 (0|20 ©). ()

Neglecting ground state depletion, keeping only
bound-continuum transitions® and utilizing the property P(a, B) = P(B,
a*) of the positive Prepresentation, we may write the dipole-moment
expectation value as (Supplementary Section II)

2(0)= f RaP @)z, (0), ©)

in which z,(¢) is the dipole-moment expectation value for a
coherent-state drive |a) and P(a) = Jd*8P(a, 8*). This P(a) value is not
to be confused with the Glauber-Sudarshan Prepresentation (Sup-
plementary Section II). Equation (6) quantifies the dipole for a driv-
ing field with arbitrary photon statistics. This dipole is later used to
derive the HHG spectrum and pulse shape and is therefore a central
result of this work. Finally, we take the limit where the single-photon
amplitude e’ approaches zero (that is, infinite quantization volume V),
as the intensity (photon density) of the driving photonic state is kept
constant. In this limit, P(a) of a coherent state reduces to a Dirac delta
function (Supplementary Section III).

Inthe nextsection, we focus on squeezed coherent (SC) light, for
which bunchingis dominated by the coherent-state component of the
field, and ground-state depletion enhancement is insignificant* (Sup-
plementary Section VII), and hence, the transition between equations
(5) and (6) is valid. This transition is not justified when multiphoton
ionization is enhanced by photon bunching, for example, in the case
of stochastic**** and bright squeezed vacuum** pumps.
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Fig.1|Squeezing-dependent generation of attosecond pulses and high-order
harmonics. a, Schematic illustration of HHG driven by squeezed coherent light*2.
b, Exemplary attosecond pulses and HHG spectra driven by the following:
classical light (top; green), that is, coherent state |a, 0); phase-squeezed coherent
state |a, r) (centre; purple); and amplitude-squeezed coherent state |a, —r)
(bottom; blue). The plotsin all the panels of both figures are based on equation

(7a), choosing a squeezing parameter r that satisfies sinh?(r) = 0.0025|a/>, where a
is normalized to correspond to an average intensity of 2 x 10" W cm™. Explicitly,
the parameters we choose for phase-squeezed driving light are Eyy= 0.0756 a.u.,
E, =0andE, =V 0.00ZSE,,y, and those for amplitude-squeezed driving light are
Ey,=0,E,=0.0756 a.u.and £, = V0.0025E,,.

HHG driven by squeezed coherent light

The previous section formulates how the quantum nature of light
alters the dynamics in light-matter interactions. Under the qSFA, the
main effect on the dynamics is due to photon statistics. Qualitatively,
this means that one could have two driving fields carrying the same
classical vector potential but differing in photon statistics resulting
in different material dynamics. In this section, we further investigate

this effect, focusing on SC drivinglight fields. An SCfield is denoted by
[y =V, +iy,,r), whererdenotes the degree of squeezing and y represents
the coherent-state part that has vector potential A, (¢) (equation (2)).
The photon number of the SC field is N,,,,, = [y|* + sinh*(r). Such a field
can be generated by combining a strong coherent-state beam with a
comparatively weak (-1%) squeezed vacuum beam*. The squeezing
phase may be tuned by adjusting the phases between the coherent
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Fig.2| Three-step model in a quantized field and the resulting electronic
trajectories. a, lllustrative distributions of semi-classical electronic dynamics
froma coherent state driver (green), phase-squeezed coherent state (purple) and
amplitude-squeezed coherent state (blue). Integration over these distributions
results in the electronic dynamics in the quantum field. b, Time-frequency
analysis (Gabor transform) of the dipole acceleration of an atom driven by the

light states discussed above, overlaid with the real parts of the recombination
times of short and long trajectories. ¢, Solutions of stationary parameters [p,
t,, t,1for the cases of coherent state (green), phase squeezing (purple) and
amplitude squeezing (blue). The parameters for coherent and squeezing
conditions in Fig.1are used here.

and squeezed vacuum arms (Fig. 1). The squeezing parameter ris set
(without loss of generality) to be real and positive henceforth, that is,
the x quadrature is squeezed.

Inserting the P(a) distribution associated with |y, r) into equation
(6) and changingthe integration variablesto electric-field quadratures
Eq, =26V a, and £, = 2eVa;, leads to an expression for the dipole
momentinduced by the interaction of an atom with such an SC state
(Supplementary Section IlI):

1 7(5@—5,,};)2
Zsc() = —— / dEg e e zp p (D), (7a)
V2l v
1 sinh’(r)
lyac = zeoc|Evac|2 = cho— . (7b)

where 25, (t)isthe dipole-moment expectation valueinducedbya
classical drlvmgﬁeld 2eD(- -y, sin(wt) + a, cos(wt)), and /,,. and E,,,. are

the intensity and amplitude of the squeezed vacuum part of the SC
state, respectively. The total intensity of the SC beam is given by
Lioe =l oon + Iac, Where I, = chw|y|?/V stems from the classical electro-
magnetic field of the beam and /,,. from squeezing.

Equation (7a) allows to calculate the HHG spectrum and the under-
lying attosecond pulses driven by the squeezed state of light. We evalu-
ate the dipoles zE £, (© by numerically solving equation (4) for a
model Ne atom*® fhe resulting attosecond pulses and HHG spectra
aredepictedinFig.1(allthe presented cases exhibit /., =2 x 10" W cm™
and/,,.=5x10" W cm). We find that a phase-squeezed driver creates
horn-shaped attosecond pulses and smeared HHG spectra that exhibit
aless pronounced exponential cutoff due to increased amplitude
uncertainty. In contrast, an amplitude-squeezed driver creates
pulse-to-pulse envelope fluctuations in the attosecond pulses and
non-integer spectral peaksinthe HHG spectra due toincreased phase
uncertainty. We note that althoughin the most general case, the emis-
sion is given by the photon-number expectation value, the emission
shown in Fig. 1 is directly calculated from the single-atom dipole
moment. This duality between the photon-number expectation value
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Fig.3|Dependence of attosecond pulses on squeezing of the driving field.

a, TDSE simulations based on equation (7a) provide the attosecond pulse shape
for different levels of squeezing. b, Peak time of the attosecond pulse £, as a
function of squeezing strength /. (negative /,,. represents amplitude squeezing
and positive represents phase squeezing). ¢, Short trajectory recombination

times as a function of squeezing for harmonics 35-55.d, Long trajectory
recombination times for harmonics 35-55. e, Both ¢, and recombination
times displayed on the same graph, showing competition between short and
long trajectories as the origin of the complicated squeezing dependence of

Loeak = Lpeak (hao)-

and single-atom dipole moment is valid in the case of uncorrelated
gas"’, butmay break down in strongly correlated systems (for example,
inasuperradiant system*®).

Electrontrajectoriesin quantized fields

The previous section shows thatindeed, in HHG, the emitted attosec-
ond pulses and spectrum are sensitive to the photon statistics of the
driving field, and this is reflected in the sensitivity of the underlying
material dynamics through the dipole-moment expectation value.
Therefore, one also expects the underlying electronic trajectories
to be sensitive to photon statistics, even without changing the mean
instantaneous electric field of the driver. To quantify the sensitivity
of the electronic trajectories to photon statistics, we now employ the
saddle point approximation, and derive coupled algebraic equations
whose solutions determine the properties of short and long electronic
trajectoriesin anSClaser field. We solve these equations and show that
theelectronictrajectories and attosecond pulses are strongly modified
by the squeezing of the driver’s photonic state.

To solve for the electronic trajectories induced by the quantum
field, we plug the semi-classical SFA dipole moments z,(¢) into equa-
tion (6) (ref.13):

. t
2a() = /AP [ dUEy (0d; (P~ eAq (1) d; (P — eAq ()

(8a)
y e_%Sa(P,f'af) +c.C.,
t A /1 2
S (p.t) = / de” (w ’ ’p)' >
t/

Here p=v+eA(t) (ref. 16) and d,(v) = (v|z|0), where |0) is the
ground state of the atomic system, |v) is a continuum state of velocity
vand the function S,(p, ¢, t’) is the semi-classical action of an electron
driven by a coherent state |a). Substituting equation (8a) into equa-
tion (6) enables us to extract semi-analytical conclusions about the
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trajectories. Specifically, we can generalize the Lewenstein approach®
thatrelies onthe saddle point approximation to extract three physically
meaningful (and experimentally observable*’) stationary parameters,
namely, [p, ¢’ =¢,, t =t], defining each electronic trajectory. Each fre-
quency componentis associated with two trajectories (two sets of sta-
tionary parameters), corresponding to the short and long trajectories.
Physically, pisinferred as the canonical momentum of a trajectory, ¢,
isthe time of ionization and ¢, is the time of recombination.

Plugging equation (8a) into equation (6), we find that in the quan-
tum optical case, the semi-classical action S,(p, t’, t) is replaced with a
quantum optical action Sy(p, t’, ¢, a):

+ ilog(P(a)) . 9)

photon statistics

Sa (Pt )

semi-classical action

Sqp,t',t,a) =
N————

quantum optical action

Similar to the semi-classical case, the emission of high-order har-
monics at frequencies Q = nw mainly originates from the stationary
points of S,(k,) - AQt with respect to Kk, =[p, t’, t, a]. In the quantum
optical picture, each trajectory is characterized by a fourth station-
ary parameter, which we infer as the dominant coherent component
(a=a, +ia,) associated with the trajectory (Supplementary Section
V). Figure 2 presents the trajectories for acoherent state (r= 0; green),
phase-squeezed state (r > O; purple) and amplitude-squeezed state
(r<0;blue). The solutions for the stationary parameters are displayed
inFig. 2c. Despite all these states differing only in quantum statistics
and having identical coherent electric fields, their electronic trajec-
tories display significant qualitative and quantitative shifts. Although
we only analyse shortand long trajectories, higher-order trajectories™
are modulated, too, due to correction to the action. To explore the
relevance of these stationary solutions to the complete solution of
HHG driven by SClight, we perform a time-frequency analysis (Gabor
transform) over the dipole accelerations obtained by equation (6)
(Fig. 2b). Each Gabor transform is overlaid with the real parts of the
recombination times obtained from the stationary parameters of our
qSFA theory, showing good agreement between the plots.

Attosecond pulses and the underlying electronic trajectories
Having established a connection between photon statistics, atto-
second pulses and electronic trajectories, we now turn to exploring
the dependence of the emitted attosecond pulses on the strength of
squeezing. This dependence exhibits a complex structure that we
explaininterms of short and long trajectories in the quantized fields,
asformulatedin the previous section. Using equation (7a), we calculate
the attosecond pulses generated by the interaction of amodel Ne atom
withasqueezed state of light, scanning the range of —0.01 < sign(r)/, ./
I, < 0.01; hereafter, we drop the factor sign(r) for brevity. Here r< 0
represents amplitude squeezing, r > O indicates phase squeezing and
r=0 corresponds to a coherent state.

The resulting attosecond pulses are depicted in Fig. 3a. Here the
dashed grey lines mark the position of the peak of the attosecond pulse
(¢,ea) for the case of a coherent pulse. The faded red line follows £,
(,,0) for the explored range and is shown by itselfin Fig. 3b. In particu-
lar, t,.,« exhibits a strong and complicated dependence on /,,... This
dependence can be understood in terms of a competition between
the recombination times of short and long trajectories (Fig. 3c,d).
For |/,,./Il..nl > 0.5%, long trajectories display the most significant
shifts in recombination times, and hence, they mostly dominate the
dependence of t,.,, on /,,.. For the range |/,,l/|/.onl < 0.1%, short trajec-
tories display greater shifts, and hence, the peak of the attosecond
pulse is dominated by their recombination times. Finally, in between
theseranges, short and long trajectories display comparable shiftsin
recombination times, resulting in a complicated curve for £ e, (/5eax)-
Figure 3e shows ¢, and the recombination times of both short and
long trajectories on the same graph, illustrating the resemblance and
relation between the different curves.
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Fig. 4| Vacuum fluctuations induce yoctosecond time delays in electronic
trajectoriesin HHG. a,b, Vacuum-fluctuations-induced corrections to ionization
(a) and recombination (b) times. The calculationis described in detail in
Supplementary Section IV.

Discussion

Impact of vacuum fluctuations on HHG

Even seemingly classical driving fields given by an electric field trace
E(t) approximate the Glauber coherent state”, which is a quantum
mechanical entity limited by the uncertainty principle and character-
ized by Poissonian photon statistics (Fig. 4). Interestingly, deviations
from classical results are always present because of vacuum fluctua-
tions. Further investigation (Supplementary Section IV) shows that
in a typical HHG experiment, the quantum optical correction to the
recombination and ionization times is on the order of yoctoseconds
(10**s) (Fig. 4a,b).

Photon-statistics force

The previous sections established a relation between the photon sta-
tistics of the driving light and the dynamics of the driven system. This
relation naturally hints at the existence of an effective force exerted on
the electron by photon statistics, and more specifically, by squeezing.
Inthis section, we show thatindeed, for squeezed light, the trajectories
obtained from the qSFA theory can be equivalently obtained from an
effective semi-classical theory that includes an effective force added
to the classical Lorentz force of the driving pulse. We emphasize that
although we derive an explicit formulaonly for squeezed light, an effec-
tive photon-statistics force is a general phenomenon in strong-field
physics.
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Fig. 5| Influence of the effective photon-statistics force: Newtonian
trajectories. a, Classical Newtonian trajectories driven by a classical
electromagnetic wave. b,c, Newtonian trajectories driven by phase-squeezed

(b) and amplitude-squeezed (c) states of light, corresponding to the effective
squeezing force. d-f, Dispersion of recombination energies for an electron driven
by coherent (d), phase-squeezed (e) and amplitude-squeezed (f) states of light.

To derive the photon-statistics force for squeezed light, we begin
with the quantum optical action S,(p, t', t, @) = S,(p, t’, t) + ilog(P(a))
(equation (9)) with the appropriate P(a) distribution for SC light. We
thenexpressthesaddle pointconditionof SFA: V. (Sq (Kq) — 712¢) = 0
as five coupled algebraic equations in the parametersk,=[p, ¢, ¢, a,,
a,], where a, , are real-valued quadrature amplitudes. We proceed by
solving 0, Sq = aaySq = 0 and are left with three equations, namely,
0pSq = 0, (Sq — 102t) = 0 Sq = O.Finally, weintegrate these equations
toarrive atan effective semi-classical action S.(p, t’, t), which exhibits
the samesaddle points as the quantumoptical action Sy(p, t’, ¢, &), and
isgiven by

Setr (D51, 0)
ie2 . " . 2 (10)
t [p—eAy(t”)— %Eﬁac sm(wt”)/i, dru(t) sm(wr)]
— '/' dt” W .

t 2

Supplementary Sections IV and V provide the detailed deriva-
tions. Thatis, the strong-field dynamics of the electron in the SC field
are formally equivalent to the dynamics in an effective semi-classical
theory, where the electron is subject to the classical vector potential
A,(t) and an effective photon-statistics force that takes the form of a
vector potential A, (f):

¢

Agq () = ;%E%ac sin (wt”)fdw(r) sin (7). 1)
t/

Here E,,. is the amplitude of electric-field fluctuations in the
anti-squeezed quadrature, which—in our case—is the sin(wt) quadra-
ture of the vector potential. The parameter t’is theinitialmoment of the

dynamicsand v =v(r) is the velocity at each time. Also, A, (") depends
on all the times between ¢’ and ¢’ (current time), that is, it expresses
memory in the system.

With such a field in hand, we can derive Newtonian trajecto-
ries. Plugging A,,(¢”) into equation (8a) for the semi-classical dipole
moment, we approximate the motion of the electron in the effective
photon-statistics force to be given by

E2 1"
&;ezv(t”) sin(wt’) /4 dru(r) sin(n)

z(th=¢e w X Zsc (). (12)

Here zy (¢) is constructed out of the saddle point of the original
(uncorrected) semi-classical SFA action (the subscript SC stands for
semi-classical here). To obtain Newtonian trajectories, we replace
zsc(t) with classical trajectories z.(¢) that solve Newton’s second law of
motion foranelectronreleased at f,and driven by A (¢). The resulting
Newtonian trajectories of an electron in coherent, phase-squeezed
and amplitude-squeezed states of light are displayed in Fig. 5a-c. The
corresponding dispersion of recombination energies for the different
cases is plotted in Fig. 5d-f. As shown, the dispersion of recombina-
tion energies shows significant dependence on the photon statistics.
Phase-squeezed light resultsinastructurally similar dispersion curve
to coherent-state light, but with lower maximal recombination energy.
Amplitude-squeezed light results in the maximum recombination
energy thatis similar to that of a coherent state, but with a significantly
modified temporal structure.

Conclusion

We formulated a quantum optical theory of HHG, derived under the
SFA. Our theory, termed qSFA, introduces a connection between quan-
tum optics and attosecond science. The qSFA theory directly links
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the driving fields’ photon statistics, the emitted radiation in the time
domain and the underlying electronic trajectories. We have shown
that all these features of HHG are modified by the squeezing of the
driver photonic state, and we explicitly quantified these effects in an
experimentally feasible regime. Fromafundamental perspective, our
work reveals an effective force that holds the effect of any quantum
photonstatistics on the electron dynamics. The effect of squeezing on
the electronic trajectories also modifies the time delays of the emit-
ted attosecond pulses. This suggests that conventional techniques of
attosecond science that resolve electronic trajectories could resolve
the effect of quantized fields on electron dynamics. Looking forward,
combining our formalism with attosecond science techniques may
resolve the role of light-matter entanglement in ultrafast materials
dynamics, when it is entangled with light.

Overall, we believe our work will play a central role in the emerging
field of extreme-ultraviolet quantum state engineering®, potentially
advancing quantum spectroscopy’' to the strong-field regime.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-023-01209-w.
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