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Resonant photoionization in the intense high-frequency regime can exhibit extremely asymmetric Autler-
Townes doublets whose origin remains debated. It has been attributed either to interference between perturbative
ionization pathways or to a nonperturbative dressing of the continuum. Here, we show that these interpretations
arise from a common effective Hamiltonian framework, in which dressed-state stabilization is governed by the
coherent interplay of resonant and nonresonant pathways. We demonstrate that further simplification, using
the strong-field approximation, obscures this mechanism. In contrast, our time-dependent essential-state model,
where electrons are rigorously coupled to the continuum, achieves excellent agreement with ab initio simulations
of the time-dependent Schrödinger equation for helium.
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Introduction. Strong coupling of light and matter is an
indispensable phenomenon for production of novel hybrid
systems with highly tunable properties for future applications
in chemistry, electronics, and quantum science. Quantum
electrodynamics of molecules in cavities leads to hybridized
controllable chemical reactions with few photons [1,2], while
Floquet engineering allows for generation of controllable hy-
brid quantum states using intense coherent laser fields [3–7].
As intense free-electron laser (FEL) capabilities develop in the
high-frequency regime, electrons can be subjected to quantum
control on unprecedented scales in energy and time [8–12].
In this way, generation of previously inaccessible systems
such as Floquet-like states in the short-wavelength range will
be produced on ultrafast timescales. However, the limitations
of archetypical control processes, such as Rabi oscillations
and adiabatic passage [13–15], must be carefully reexamined.
Rather than being decohered by the environment [16], it is
now the ultrafast intense light-matter interaction itself that
may cause the system to decay—by breaking it apart via res-
onant photoionization or autoionization processes following
core excitation. Thus, control of the intense field will not only
drive population dynamics, but also dynamically reshape the
underlying hybrid properties of the system.

While a few landmark experimental achievements have be-
gun to shape the progress of this research field, there persists
a knowledge gap in how to interpret the observed phenomena.
In the extreme ultraviolet (XUV) regime, the achievement
of strong coupling was first demonstrated by Nandi et al.
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in 2022 at the FERMI FEL for helium atoms [17]. Here,
an observed asymmetry of the avoided crossing, also called
the Autler-Townes (AT) doublet, was attributed to photo-
electron interference from perturbative ionization processes.
Richter et al. have recently demonstrated remarkable quantum
control using chirped XUV pulses, where selective popula-
tions of dressed states were achieved using adiabatic passage
techniques [18]. Beyond such population control, strong-
field dressing of continua was reported as the mechanism
responsible for asymmetric AT doublets, which implies non-
perturbative phenomena beyond time-dependent perturbation
theory [19]. These conclusions are in line with simulations of
the time-dependent Schrödinger equation in the single active
electron (SAE) approximation, which since the 1990s have
become a popular tool to study resonant ionization processes
[20–23]. Recent results from Floquet theory indicate, how-
ever, that both continuum and bound states contribute on equal
footing to the asymmetry [24], which is in strong tension
with the strong-field dressed-continua interpretation of AT
asymmetries [18,19]. Floquet theory provides, however, only
a benchmark for monochromatic fields. The question arises
whether it is possible to make quantitative interpretations of
such phenomena with time-dependent essential-state models.

In this Letter, we reconcile these different theoretical in-
terpretations by providing a direct link between strong-field
dressing of continua and interference pathways into the con-
tinuum from essential states. We show that it is not only the
intensity of the field but also the duration of the interaction
that determines whether the essential-state dynamics are af-
fected by coupling of the continua. Our analytical results and
model simulations are in excellent agreement with numeri-
cal simulations based on the configuration-interaction singles
(CIS) method [25,26] and its time-dependent variant (TDCIS)
[27,28]. Atomic units are used unless otherwise stated: e =
h̄ = m = 4πε0 = 1.

General theoretical approach. The theoretical foundation
for coherent interactions of intense light resonant with single

2643-1564/2026/8(3)/L032041(6) L032041-1 Published by the American Physical Society

https://orcid.org/0000-0001-7736-5620
https://orcid.org/0000-0002-5274-1009
https://ror.org/012a77v79
https://crossmark.crossref.org/dialog/?doi=10.1103/lnbk-npp9&domain=pdf&date_stamp=2026-09-10
https://doi.org/10.1103/lnbk-npp9
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html


BRUHNKE AND DAHLSTRÖM PHYSICAL REVIEW RESEARCH 8, L032041 (2026)

atoms was laid in the 1960s to 1970s [29,30]; we summarize
them broadly as essential-state approaches, where the relevant
atomic dynamics is described in a small Hilbert subspace,
and the impact of other states—including the continuum—is
parametrized perturbatively. This approach has been fruitful
for the description of resonance-enhanced multiphoton ion-
ization [31–33]; among those we highlight the prediction of
dressed-atom stabilization [34] and the interferometric com-
petition of ionization pathways [35].

The Hilbert space H is formally divided into two parts:
the essential and nonessential spaces, P and Q, respectively,
so that H = P ⊕ Q. We define the usual projection operators
P, Q, expressed in the eigenbasis of the unperturbed Hamil-
tonian H0, so that P + Q = 1 [36]. For an initial P-space
state, P|�(0)〉 = |�(0)〉, the exact time-dependent wavefunc-
tion can then be evolved using

U (t, 0) =
[

PU (t, 0)P + −i
∫ t

0
dt ′QU (Q)(t, t ′)

× QV (t ′)PU (t ′, 0)P

]
, (1)

where V (t ) is the light-matter interaction, and U (t, t ′) and
U (Q)(t, t ′) are the time-evolution operators for exact dynam-
ics in the full Hilbert space and in Q, respectively. The
former solves i d

dt |�(t )〉 = H (t )|�(t )〉, while the latter solves
i d

dt Q|�(t )〉 = QH (t )Q|�(t )〉. The implication of Eq. (1) is
that if an exact solution to the wavefunction is known in the
essential states, i.e., P|�(t )〉, then the wave function in Q
can be obtained through a single coupling QV (t ′)P followed
by propagation solely in Q. In essential-state approaches, the
P-space evolution is described through the use of effective
Hamiltonians, i d

dt P|�(t )〉 = Heff (t )P|�(t )〉, enabling a quan-
titative interpretation of the underlying physics [37].

Dressed-state stabilization. Beers and Armstrong noted in
1975 that an atom does not always fully ionize in resonant
continuous-wave light [30]. It was recently proposed that a
signature of such dressed-state stabilization is physically re-
alizable in helium atoms using ultrashort XUV-FEL pulses
[24,34]. We refer to the ground state as |a〉 and the excited
state as |b〉; they have amplitudes a(t ) and b(t ), respectively.
The essential states are coupled by the frequency ω0 with
the corresponding detuning δ = Eb − Ea − ω0 with a field
amplitude E = −ω0A. The general effective Hamiltonian for
a monochromatic field, within the pole approximation, reads

Heff =
(

Sa − i
2γa (� + iβ )/2

(� + iβ )/2 δ + Sb − i
2γb

)
, (2)

with Stark shifts Sa and Sb, atomic decay rates γa and γb, and
real and imaginary Rabi couplings � and β [30,31]. While the
atomic decay rates describe depletion of the essential states,
the role of β is more subtle. The corresponding decay rates
of dressed states, |±〉 with eigenvalues λ±, are determined by
the imaginary parts of the eigenvalues. They can be written as
�(λ±) = − γa+γb

4 ± 1
2�(W ), where the first term is common

to both dressed states, while the second term differentiates the
rates. Explicitly, the latter term is the imaginary part of the

complex generalized Rabi frequency,

�(W ) = �
(√[

Sa − Sb − δ − i

2
(γa − γb)

]2

+ (� + iβ )2

)
,

(3)

which clearly depends on the β parameter.
Interferometric picture. According to perturbation theory,

the β parameter is part of the third-order coupling of the
two essential states via all intermediate states. In early works,
it was assumed that β = ±√

γaγb, but such construction is
not valid in the general case with multiple continua [34].
By complex coupling of the essential states, the β parameter
incorporates backaction from the continua, causing different
decay rates of the two dressed states, �(λ+) �= �(λ−). Under
intense photoionization, such decay has been connected to the
asymmetry in the AT doublet of photoelectrons [21,34,38],
while for perturbative photoionization the asymmetry has
been linked to interference between pathways from the two
essential states [17,39]. If only one continuum is accessible,
destructive interference of two pathways into the continuum
with equal amplitudes, γa � γb, provides a compelling phys-
ical interpretation for why either �(λ+) or �(λ−) will vanish
at resonance Sa − Sb � δ in the effective Hamiltonian descrip-
tion [see Eq. (3) and Ref. [34]].

Strong-field dressed continua. Recently, it was reported that
the physical mechanism for asymmetries of the AT doublet in
intense XUV light requires strong-field effects beyond per-
turbation theory [18]. The theory of strong-field dressing of
two continua was proposed by Saalmann et al. in 2018, where
coherent control of photoionization was predicted by usage
of chirped pulses [19]. Employing the strong-field approxi-
mation (SFA) with plane waves |k〉, which implies that the
Coulomb interaction between the photoelectron and the ion
can be neglected, leads to a simple condition for the maximum
AT asymmetry for unchirped pulses:

Ak

2ω0
|〈k|a〉r | = C|〈k|b〉r |, (4)

where 〈k| · 〉r is the radial part of the essential-state momen-
tum wavefunction, and k = √

2(2ω0 − IP ) is the momentum
at resonance, with the binding energy IP. We find that this
expression is valid for both linear and circular polarization
with C = √

3 and that it is consistent with the one-dimensional
case derived in Ref. [19] for C = 1.

Reconciliation of physical interpretations. We illustrate
the three physical interpretations of AT asymmetry in Fig. 1.
In panel (a), the dressed-state picture implies distinguishable
pathways for the two final energies with one “stopped” by its
nullified decay rate. In panel (b), the interferometric viewpoint
implies two pathways leading to the same final energy, but
with destructive and constructive phases, respectively. In
panel (c), we illustrate the strong-field dressed-continuum
viewpoint with hybridization of angular momenta in the
continua.

We will now show that the strong-field dressed-continuum
condition in Eq. (4) can be directly derived from the effec-
tive Hamiltonian. We consider linear polarization in the z
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FIG. 1. Illustration of stabilization mechanisms. Panel (a) shows
dressed-atom stabilization, where the ionization rate of one dressed
state vanishes. Panel (b) shows the interferometric picture, where the
resonant (red arrow) and nonresonant (blue double arrow) ionization
pathways have similar strength and interfere. Panel (c) shows the
strong-field dressing of continua, where the two-photon ionization
pathway occurs solely via the continuum that is nonresonant with
the detuning � = ω0, leading to a hybridization of |εp〉 and |εd〉 by
plane waves.

direction, but our conclusions are general. The ionization rates
in Eq. (2) for the essential states in velocity gauge read

γa = −A4

8
�
( ∑

l,m,n

〈a|pz|l〉〈l|pz|m〉〈m|pz|n〉〈n|pz|a〉
(El − ω0)(Em − 2ω0)(En − ω0)

)
, (5)

γb = −A2

2
�
( ∑

n

〈b|pz|n〉〈n|pz|b〉
En − 2ω0

)
, (6)

where the sums over l, m, and n include bound and contin-
uum states. To connect with the SFA, we now substitute all
intermediate states as plane waves. After some algebra, we
obtain

γ SFA
a = πA4k5

24ω2
0

|〈a|k〉r |2I�, (7)

γ SFA
b = πA2k3

2
|〈b|k〉r |2I�, (8)

where I� are identical angular integrals; see the Supplemental
Material for a detailed derivation [40]. Using the interfer-
ence criterion, γa = γb, then yields Eq. (4), which proves that
the condition for maximum AT asymmetry by strong-field
dressing of continua is based on approximate elements of the
effective Hamiltonian. Further, the use of SFA results in a

single hybridized continuum, because βSFA = −
√

γ SFA
a γ SFA

b ,
which is incorrect for linear polarization and leads to overesti-
mation of the stabilization phenomenon. Thus, we have found
that diagonalization of the effective Hamiltonian, with the
true β parameter included, achieves strong-field dressing of
the continua beyond perturbation theory with the result being
a quantitative rebalancing of the decay rates of the dressed
states.

In Table I, the stabilization intensities in hydrogen (1s ↔
2p) and helium (1s2 ↔ 1s2p) in circular polarization are pre-
sented. We compare Floquet theory, effective Hamiltonian
theory (with the condition γa = γb), and the plane-wave ap-
proximation [Eq. (4)]. Strong-field effects refer to cases with
a large ponderomotive energy compared to the binding en-
ergy of the atom, UP = E2/4ω2

0 � IP. Thus, a small Keldysh
parameter γKeldysh = √

IP/2UP is an indicator for strong-field
effects, which for IP ≈ ω0 would also imply a breakdown
of perturbation theory [41]. Notably, Refs. [17,18] were per-
formed in parameter regimes with γKeldysh > 10, which draws
into question the validity of the SFA. Table I corroborates this
doubt, with the SFA consistently overestimating the stabiliza-
tion intensity by at least one order of magnitude.

Further, it should be noted that time-dependent essential-
state models without the β parameter can also be used to
produce asymmetric AT doublets (cf. Refs. [17,39]). This
suggests that strong-field dressing of the continua is not re-
quired for the observed asymmetries of AT doublets. Thus,
we now resolve this paradox by noting that perturbative pho-
toionization would not alter the essential-state dynamics and,
therefore, the view of photoelectron interference would re-
main valid. Longer interactions, γa/bτ � 1, would imply a
conspicuous role of strong-field dressed continua or, more
precisely, the effect of the β parameter on the essential states,
and consequently, by Eq. (1), the photoelectron distributions.

A more subtle point is the question of gauge. The Floquet
results, which are exact for SAE models, generally align well
with the effective Hamiltonian results. The latter are gauge
dependent due to truncation of the perturbative expansion,
with the length gauge exhibiting best agreement with Flo-
quet theory. The CIS approach involves a truncation of the
many-body basis, which naturally leads to gauge-dependent
Floquet results. Overall, the length gauge is known to be more
meaningful when studying populations of bound states [42]
and dressed-continuum states with TDCIS [28].

Comparison of numerical and model results. We now return
to the opening question: Can time-dependent essential-state
models be used to quantitatively interpret photoionization
dynamics from atoms in strong coupling? In particular, we

TABLE I. Intensity (in W cm−2) for dressed-atom stabilization in hydrogen and helium, based on exact Floquet calculations, effective
Hamiltonian (eff. Ham.) calculations within the pole approximation with the interferometric condition γa = γb, and the plane-wave condition
of Eq. (4). The transition is 1s ↔ 2p (m = 1) in hydrogen (H) and 1s2 ↔ 1s2p (m = 1) in helium (He), the latter done with an SAE potential
[18] and CIS. We compare length gauge (LG) and velocity gauge (VG).

H (LG) H (VG) He (SAE, LG) He (SAE, VG) He (CIS, LG) He (CIS, VG)

Floquet 3.2 × 1014 3.2 × 1014 6.9 × 1014 6.9 × 1014 1.1 × 1014 1.9 × 1014

Eff. Ham. 3.3 × 1014 2.4 × 1014 4.2 × 1014 3.9 × 1014 8.4 × 1013 1.2 × 1014

Plane wave – 9.9 × 1015 – 1.0 × 1016 – 6.8 × 1015
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FIG. 2. PES obtained for the helium 1s2 ↔ 1s2p transition with
a Gaussian envelope (I0 = 3 × 1014 W cm−2 and τ = 50 fs, both
transform limited) and three different chirp values: (a), (c) unchirped,
(b) GDD = −1000 fs2 , and (d) GDD = 1000 fs2 . Panel (a) com-
pares the PES at the field-free resonance, ω0 = 21.69 eV from CIS
marked by the vertical lines in the lower row, at different levels of
theory: a t-SURFF spectrum in solid black, and the model results
in dashed yellow and dotted blue. The model results differ in how
the essential-state amplitudes are obtained: once through propaga-
tion with the full effective Hamiltonian Heff (t ) and once through
propagation with a purely real effective Hamiltonian 
[Heff (t )]. The
two essential-states PES are normalized with the same factor. Panels
(b)–(d) show the PES from the essential-state model with decay for
varying photon energy ω0.

need to demonstrate that the effective Hamiltonian approach
is able to quantitatively model the quantum control of pho-
toelectrons from helium 1s2 ↔ 1s2p (m = 1) in an intense
circularly polarized Gaussian pulse [18]. The amplitudes a(t )
and b(t ) are obtained by propagating with a slowly varying
effective two-level Hamiltonian Heff (t ) in the length gauge.
To obtain Heff (t ), time-independent effective Hamiltonians
were calculated from Rayleigh-Schrödinger perturbation the-
ory for a range of frequencies ω and field strengths E , yielding
Heff (ω, E ). Atomic parameters were obtained from the CIS
method with exterior complex scaling [43]. Going beyond
earlier works [17,34,38,39], we have verified convergence by
constructing the effective Hamiltonian in eighth order with-
out applying the pole approximation [44,45]. We employ a
Gaussian envelope E (t ) = E0 exp{−2 ln(2)[t/τ ]2} and a linear
chirp of the instantaneous frequency ω(t ) = ω0 + 2αt cen-
tered around ω0, where α is the linear chirp rate.

In Fig. 2, we show photoelectron spectra (PES) ob-
tained from the essential-states dynamics of Heff (t ) ≡
Heff (ω(t ), E (t )) by coupling from P to Q using Eq. (1).
We choose a transform-limited peak intensity of I0 = 3 ×
1014 W cm−2 and a transform-limited full width at half max-
imum of τ = 50 fs, similar to Ref. [18]. The asymptotic
photoelectron amplitudes are found analytically (to second
order),

c(1)
ε (t ) = −i

∫ t

−∞
dt ′e−i�ε (t−t ′ )e2iα(t2−t ′2 )V (1)

εb (t ′)b(t ′), (9)

c(2)
ε (t ) = −i

∫ t

−∞
dt ′e−i�ε (t−t ′ )e2iα(t2−t ′2 )V (2)

εa (t ′)a(t ′), (10)

where �ε = ε + IP − 2ω0 is the detuning of the photoelec-
tron. Further, V (1)

εb is the single-photon matrix element, and
through adiabatic elimination, the two-photon matrix element
V (2)

εa = ∑
q∈Q V (1)

εq V (1)
qa /(ε + IP − Eq − ω0) was obtained with

the atomic energy Eq (see the Supplemental Material for de-
tails [40]). The Stark shift of the continuum was incorporated
as exp[−i

∫ t
t ′ dT UP(T )] [46]. The photoelectron spectrum is

then obtained as |∑i c(i)
ε (∞)|2.

In Fig. 2(a), we show the PES for an unchirped Gaussian
pulse at resonance. We compare our model to ab initio numer-
ical simulations using TDCIS with the time-dependent surface
flux (t-SURFF) method [47,48]. For the model, we propagate
the essential states both with the complex Heff (t ) and with its
real part, 
[Heff (t )]. The spectrum obtained from Heff (t ) is in
excellent agreement with the ab initio spectrum, showing a
strong left AT peak from |−〉, with pronounced interference
fringes that depend on the envelope [49,50], and a faint right
AT peak, corresponding to the stabilized |+〉 state. Tuning the
peak intensity closer to the correct stabilization intensity in
Table I makes the latter peak weaker, as shown in the Sup-
plemental Material [40]. The spectrum from 
[Heff (t )] also
captures all spectral features, but with slightly higher peak
values. Physically, this is expected since decay of the essential
states was artificially removed. Similar level of agreement is
found for chirped pulses. We conclude that the physics in the
investigated parameter regime can be described by an effective
Rabi model without decay, i.e., perturbative photoionization.

Accounting for the decay dynamics becomes vital when
depletion is substantial, for instance, through longer or more
intense pulses. As an example, using a longer unchirped pulse
with τ = 250 fs, with parameters otherwise left unchanged
from Fig. 2(a), the ratio R between the |−〉 and |+〉 peaks
is predicted as R = 2.2 when the inner dynamics is generated
by Heff (t ) and R = 4.4 with 
[Heff (t )]. Propagating with a
complex H (β=0)

eff (t ) where β = 0 is set artificially, we obtain
R = 4.0, which illustrates the significant role of β for the out-
going photoelectrons. It is unphysical to selectively omit the β

parameter from the effective Hamiltonian, which for (1 + 1)-
resonant photoionization appears in third order of perturbation
theory, whereas γb and γa appear in second and fourth orders,
respectively [31]. Such omission is only acceptable when the
decay as a whole is negligible, as is the case in Fig. 2(a). Due
to its role in balancing the decay rates of the dressed states,
we expect the β parameter to play an even more important
role when the populations of the dressed states are uneven, for
instance, when the pulse is detuned or chirped.

In Figs. 2(b)–2(d), we show the PES for varying ω0 with
Heff (t ) for chirped Gaussian pulses: (b) GDD = −1000 fs2 ,
(c) GDD = 0 fs2 , and (d) GDD = 1000 fs2 . Compared to the
transform-limited case, the peak intensity is reduced for the
chirped cases by a factor of ∼0.65; similarly, the pulse length
increases for the two chirped cases by a factor of ∼1.5. The
shape of the AT doublet depends on two main factors: (1) the
populations of the dressed states and (2) the decay rates of
the dressed states. While the chirp has little impact on the
decay rates, it significantly affects the population dynamics
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by selecting a dressed state [19]. In Fig. 2(b), we show that
a large negative chirp can make the |+〉 AT peak prominent
at resonance, despite γ+ � γ−, because the |−〉 population is
significantly suppressed.

Conclusion. We have reconciled two conflicting views on
dressed-state stabilization of atoms: interference between ion-
ization pathways and strong-field dressing of continua. Within
an effective Hamiltonian framework, we derive the strong-
field dressed-continua perspective from the interferometric
condition using the SFA. Moreover, we show that the SFA
leads to an inaccurate hybridization of continua with exag-
gerated stabilization intensities beyond present experimental
capabilities. In contrast, our time-dependent effective Hamil-
tonian model, where the essential-state dynamics is rigorously
separated from the ionization process, predicts photoelectron

spectra that are in excellent agreement with ab initio
simulations and stabilization at experimentally attainable
intensities.
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