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n+1 dimensional gated fluorescence signals induced by n impulsive pulses are calculated using
a super operator formalism. The signals are given by a time and frequency convolution of a bare
signal expressed in terms of multipoint dipole correlation functions, with a gating spectrogram.
Different groups of quantum pathways can be separated by their variation with the phases of the
pulses (phase cycling), as is commonly done in NMR. Comparison is made with heterodyne-detected
coherent signals.
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I. INTRODUCTION

Coherent multidimensional signals are usually detected by interference with a reference (local oscillator) beam [1-3].
This heterodyne-detection mode provides both the amplitude and the phase of the signal field. Various groups of
Liouville space pathways of the molecular density matrix that contribute to the signal may be separated by simply
looking at signals generated in different phase matching directions. A different, incoherent fluorescence detection is
however the method of choice for single molecule spectroscopy, since it is more sensitive and background free[4—6].
Fluorescence is virtually isotropic in space; nevertheless the groups of pathways may be separated by their dependence
on the phases of the pulses. This phase cycling protocol is common in NMR, [7-10] where the signal is isotropic as
well, since the sample is much smaller than the wavelength.

Coherent wave mixing spectroscopies detect a macroscopic electric field generated by a collection of molecules driven
in phase by the external laser pulses. Fluorescence is an incoherent technique: it does not generate a macroscopic
field (the average field vanishes) but produces photons that can be detected. Fluorescence signals do not carry phase
information but this can be retrieved by time and frequency gating [2, 11-15].

Both coherent and incoherent signals can be recorded vs several parameters of the incoming-pulses, thus producing
multidimensional signals. Fluorescence induced by multiple phase controlled pulses and no gating have been carried
out in bulk samples by several groups[16-21]. The technique was recently extended to single molecules [22]. Single
molecule spectroscopy typically resolves slow fluctuation timescales (msec and longer) [4, 23]. Gated fluorescence
signals offer a powerful femtosecond window for ultrafast molecules events, thus combining high spatial and temporal
resolution.

In this paper, we use an intuitive diagrammatic representation for incoherent signals, to derive closed microscopic
correlation function expressions for multidimensional spectroscopy with gated fluorescence detection. The driving
laser pulses are treated as classical, but a quantum description is used of the detected optical field. An application
is made to a three-band exciton model system. Bulk signals can be calculated by a slight modification of the single
molecule results.
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II. INCOHERENT SIGNALS GENERATED IN RESPONSE TO SEQUENCES OF IMPULSIVE PULSES

Our description of incoherent signals starts with the light-matter Hamiltonian in the rotating wave approximation
[24, 25]:

H = Hy+H' (1)
H = —Ef(r=0,t)V + —E(r =0,t)VT, (2)

where the field operator Ef(r,t) + E(r,t) and the dipole operator VT + V have been partitioned into their negative
and positive frequency parts. The molecule is located at position » = 0. To describe the fluorescence signal, E(r,t)
is taken as a field operator for the spontaneous emitted modes and a classical function for the other modes, which
represent the incoming laser pulses.

We shall calculate the fluorescence detected using a gate, whose input is located at rg, which consists of a time
gate Fy centered at time t; followed by a frequency gate Fs centered at frequency wy [2, 12-14]. The temporal gate
first transforms the signal field as:

Ei(rg,t') = Fi(t',to)E(rg,t') (3)

By applying the spectral gate centered at wp, we obtain the time and frequency gated field Fis(w') = Fy(w';wo) Bt (W).
With E(w) = ffooo E(t)e*dt. Note that the signal depends on the order of gating operations. Applying the spectral
gate first will result is a different signal that can be calculated similarly, as shown in appendix C. Combining the two
gates, the gated field Es is finally related to the original (bare) signal field by

Eis(rp,t) = / dt1 Fs(t — t1,wo)Fy(t1,t0) E(ra, t1), (4)

here rp is the position of the photon detector. To simplify the notation the propagation between rg and rp is
included inside the spectral gate function.
The gated fluorescence signal is given by [11, 26, 27]

S(WQ,tQ;F) = / dt”<EZS(’I“D,tH)Et5(’PD,t”)), (5)

the angular brackets in the correlation function is defined as (...) = tr(...p). Here I' denotes a set of parameters
that characterizes the incoming laser pulses. These will be specified later. The signal will be displayed versus these
parameters as well as the gating parameters wy and tyo. We further define the bare signal, (which is not generally an
experimental observable):

S’B(tl,w/;l") = / dT<ET(TD,t1 +T)E(7°D,t1)>e_“’/7d7 (6)
0

We shall also introduce the gating spectrogram [12, 14]:

1 [~ e /
W (wo, to;w’, t1) = Py / dt”/ dre™ TEX(t" —t1 — Tywo) FY (t + 75 t0) Fis (8" — t1;wo) Fy(t1;5t0) (7)

This can be recast in the form:

< dw
W (wo, to; ', t1) = / (2W)2|F5(w,wo)|2Wt(t1,w—w’,to) (8)
where
Wt(tl,w;to) = / Ft*(tla tQ)Ft(tl + T, to)eum—dT (9)

By combining Eqs. (4-9) we get the final expression for the signal:

S’(wo, to; F) = / dtl / dw/W(wo, to; w’, tl)SB (tl,w’; F) + c.c. (10)



The gating spectrogram thus connects the observed S and the bare Sp signals and controls the temporal and spectral
resolution of the measurement.

To connect the bare signal Sp with the molecular properties, we use the solution of the wave equation with a point
a dipole source V located at the origin » = 0 (see appendix B)[28]:

E(ra,t) = AVu(0,t —|rc|/c) (11)

The prefactor A is given by Eq. (B6). To simplify the expressions, we will omit in the following the time retardation,
assuming that the time scale at the detector are adjusted accordingly (¢1 at lhs of Eq. (12) and following should read
t1 + |ra|/c.) Substituting Eq. (11) in Eq. (6), we obtain for the bare signal:

SB(tl,w’;I‘) = |A|2/ dT@ilwlT<V£}(t1 + T)VH(tl» (12)
0

The subscript H indicates that these operators are in Heisenberg picture i.e. evolve with the full Hamiltonian Eq.
(2).

We shall adopt a superoperator notation, which allows to derive compact expressions in Liouville space and clearly
reveals the relevant pathways [1, 29-31]. For any operator A we define the "left” and ”right” superoperators Ay, X =
AX, ArX = X A by their action on any other operator X. We further introduce the two linear combinations A} =
$(AL + AR), A_ = A, — Ag. These definitions imply that A; X = $(AX 4+ XA), and A_X = AX — XA. Using the
superoperator representation of the interaction picture [30, 31], we get:

Sp(t,w;T) =

AP [ dren o o alrvin + oViltesp(— [ dnB (m)al (13)
0 0

The operators V' are in the interaction picture defined as
V(t) = exp(tHot/h)V exp — (e Hot/h) (14)

and here we used the formal expression for the density matrix:

p@=me§Ammmm (15)

Here T is the time ordering operator, which rearranges the operators to its right in order of increasing time from right
to left. We are using partial derivatives, since the entire expression inside the trace can be viewed as a function of
the variables t; + 7 and ¢; (cf. Eq. (12)).

Eq. (13) is the key formal result of this paper. Together with Eq. (10) we have thus recasted the gated signal in
terms of the underlying microscopic molecular dynamics.

We next consider two limiting cases for the detection. For an ideal frequency gating, when no time gating is applied,
we can set Fy(t',t9) = 1 and obtain:

1 [ee) [ee) ,
W (wo, to;w’, t1) = o / dt”/ dre™ TES(t" —t1 — 1, wo) Fs(t" — t1;w0) (16)
Assuming Fs(7;wg) = e~ *°7e~770(7) with v — oo, we obtain the ideal spectral gate:

W(WOa t;wla tl) - 5(&}/ - WO) (17)

Substituting Eq. (17) in Eq. (10) gives the spectral resolved signal:

Ss(wo; T) :/ dt1Sp(t1,wo; T) + c.c (18)

— 00

Combining with Eq. (12), we finally obtain:

So(wo;T) = |A|2/ dtl/ dr
—00 0

2 o0
efzonatzl_i_TatzltI'(TV];(tl + T)VL (tl)exp(—ﬁ / dTlH/_ (Tl))po) + c.c. (19)
0



Assuming that the density matrix at time ¢; is diagonal, that the coherent pulses and the gate are well separated,
and that there are no photons in system at ¢; we get for the matter density matrix pe:

pe(tr) = 3" Pultr)n)(n] (20)

Po(t) = tr {|n><n|TeXp(—%/Otl dﬁH’_(ﬁ))pO} (21)

Eq. (19) then becomes:
Se(woiT) = B> wpml nm/ dt1 Py (t1)6 (wo — Wim) (22)

where the sum runs over molecules states with e, < &, and B = 372|A|?c3¢/h, With Wpm = €m — €.

is the radiative decay rate from state m to n [24].
The signal in this limit can be alternatively derived by summing over the temporal derivative of the photon number
n; of all modes with frequency wp and integrating over time:

Sy (wo: T) / ot (23)

i,w; =wo

We next turn to the second limiting case of ideal temporal gating. Here, we assume no frequency gating and set
Fs(m,wo) = 6(7):

W o, toi 1) = 5= B (t15t0) P13 ) (24)
Taking a short time filter with |F;(¢1,%0)|> = 6(t1 — to) we get the ideal temporal gate:
W (wo oo, 1) = %5@1 ) (25)
Substitution this in Eq. (12) gives, the temporally resolved signal:
Si(wo.t;T) = % /:: dw’Sp(t,w';T) + c.c. (26)
Inserting Eq. (13) gives:
Si(wo,t;T) = |A|2 / / dre ™'T
2 2t (TVH(t + 1)V, (t)exp(—% /OOO dr H' (11))po) + c.c (27)
The integrations can now be carried out and this finally gives:

S(t;T) = |A|23t2+78t2tr(TV}£(t)VL(t—I—T)exp(—;—i/ dr H' (11))po)
0

+c.c (28)
7=0

In order to simplify this formula further, we again assume that the matter density matrix is given by Eqs. (20-21)
and the signal finally becomes:

= B, P(t) (29)

m<n

The spectrum in this limit can be alternatively derived by summing over the temporal derivative of the photon
number n; of all modes with frequency wy:

o Zwiatni(t) (31)

1,W;



g

Figure 1: The three-band model system used to calculate the fluorescence signal.

Figure 2: Experimental setup for the gated fluorescence measurement.

IIT. FLUORESCENCE OF A THREE-BAND MODEL SYSTEM IN RESPONSE TO FOUR IMPULSIVE
PULSES

We now apply the formal expressions derived earlier to the three band model system shown in Fig. 1 subjected to
four temporally well separated excitation pulses:

E(t) = Ey(t)e ™o 4 By(t — ty)e'v2 e
+E3(t —t1 — t2)€1w3t+up3 + E4(t —t] —to — t3)€1w4t+up4 +c.c (32)

The pulse envelopes Ej;(t) are temporally well separated, we assume impulsive fields E;(t) = E;d(t). Furthermore,
hereafter we treat the four excitation pulses as classical. This generic model can represent for example excitons in
molecular aggregates or semiconductors.

The density matrix Eq. (15) calculated to the fourth order in the fields has 2* = 16 pathways.

4
@ = (%) H' G(ts)H' G(t2)H' G(t1)H' po (33)

with the interaction picture operators H' (t) = exp(; Hot)H' exp(—¢ Hot). and G(t) = 0(t) exp(—f H_t). 0(t) is the
Heavyside step function that ensures causality.
When recast in Hilbert Space, Eq. (33) reads:

P = (F) [+t 00, [0+ ), [ 00, L ] 31

Eq. (34) can be divided into 16 groups of terms with respective phases +p; &+ ¢o + 3 + ¢4. Each of these groups
can be measured using phase cycling protocol which combines experiments with different phases [7-10]. Hereafter we
select the phase ¢ = 1 + w2 — Y3 — 4, signals with other phases can be calculated similarly. Within the rotating
wave approximation (RWA), the density matrix corresponding to the phase shown in Figure 3 has four contributions
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To simplify the expressions we assume impulsive pulse E;(t) = E;0(t). We then get:

o) = () o I VLGEINLCEVIGE Vi), (36)
pulenes) = — () len lVaGENVLCEVIGE Vi) E, 7
piii(ea, e3) = (7’) r(les)(es|VaG g1y (t3) VL G(t2) Vi G(t1) Vil po) Es (38)
pio(f1, f2) = < ) r(|f2){F1|VRG(t3)VRG (t2) V] G (t2) Vi po) E (39)

where we have defined the auxiliary parameter:

E¢ _ eulerupg 13— up4E1E2ESE* 1(wo—wz—wa)ts —1(wstwa)to—rwats (40)

Eqgs. (36-39) can be transformed to Hilbert space.

e = (7)) @IV + 5 0V VIV Ol B ()
piiles,es) = — (%’)4<62|V(t1+t2)vf(t1)vf(o)powt1+t2+t3)|e3>E¢ (42)
piiilez,es) = — (%’)4<62|V(t1+t2+t3)vf(t1)w(0)pov<tl+t2)|e3>E¢ (43)
puttin ) = (32 GV VI OMY i + Vo 4 IRl (a4

We now expand Eqs. (36-39) in eigenstates and use the approach of [32] to incorporate the finite pulse envelopes:

1 * *
pi(g1,92) = 7 Z Po,gi Vazes Vea tVrer Vergi E1 (Wey gy — w1) Bz (wre, — wa) B3 (e, — w3)Ej(weyg, — wa)

e1,e2,f
exp(_zwezgl 13 = Yeoqut3 — Wrg ta — Vpgi t2 — We g, 1 — ’Yelgltl) (45)
1 * *
pii(ez, e3) = A Z Po.gi Ves fViesVergi Vogres En (welgl - wl)E2(wfel —w2)E3 (wfez —ws3)Ej} (w8391 —wy)
gi.e1,f
eXP(—UWepg, T3 — Vepgits — Wrgita — Vgt — Weygrt1 — Yergit1) (46)
1
piii (€2, 63) = T A Z Po,g, Ves Ve, Vergi Vgres En (welgl —wi) By (w.fel - w2)E§ (wesgl —w3)E} (wfez - w4)
e1,f,91
exXpP(—wW ety — Vfests — Wrg ta — Vg ta — Weygit1 — Yergit1) (47)
1 * *
piv(f1, f2) = A Z Po,g, ViiesVergi Vogiea Vea 1. (welgl - wl)Ez(wflel - w2)E3 (we291 - W3)E4 (wfzez - w4)
€1,€2,91
exp(_zwf1€2t3 — Vfieals — Wi g1 t2 = Vfigilo — We, g, t1 — Welgltl) (48)

Here, we have defined Py, = P, (t = 0).
We used for the example of Eqs. (45-48) the coherent limit, where the Green’s function matrix elements in the
system eigenstates basis v read:

G (t) = 0(t) exp(—1wyp t — Yyort) (49)

wy, is the frequency and +,,. the dephasing rate of the v/ transition. More complex relaxation models may be
used together with the equations before and the following equations.[1, 33] For example G can depend on a set of
collective bath coordinates Q that satisfy a Markovian dynamics (Master equation, Fokker-Planck eq. etc). We then
have G(Q, @Q’,t) and the correlation functions are given by path integrals over the trajections of ). G can describe
how states shift due to solvent reorganization.[1].



Assuming fast dephasing, p* becomes diagonal and we have Doe, Pii(€2,62) = =37 pi(g1,91) and

>, Piiil€2,€2) = =3¢ piv(f1, f1) we then get:
P = (3 Picslea)leal = Pigy (Jo1){g1))
€2 g1
+O P p [ 1)1l + Y Pisserlern)(ea]) (50)
fi el

Pjie, = pii(ea, e2) P; g, = pi(91,91)
Piiie, = piii(e1,€1) Py ¢, = piv(f1, f1) (51)

It is clear from Eq.(50) that Tr(pgfl)) = 0. This follows immediately from Eq. (33) since this is given by the trace of
a commutator. In fact, the trace of all p(")7 n = 1,2... must vanish so that the trace of p(o) is conserved.

If we do not resolve the fluorescence into states, the signal is given by the total excited state population. Given
by the sum of three terms p;;, pis; and p;,. If we distinguish the states (through either their temporal (Eq. (29)) or
spectral fluorescence profile (Eq. (22))) we can separate the P. and Py, contributions.

Substituting Eq. (33) in Eq. (13), we obtain for the bare time and frequency resolved fluorescence signal:

Sp(w',t' 3,12, 1)
AP
:% / (02, 2t (VIG(n VLG () H' Glts)H' G(t2) H' G(t:)H po))
0
exp(—w'T)dr (52)

This includes all contributions +¢; & @3 + 3 + 4. Substituting in Eq. (10) yields a five dimensional signal (we now
denote t = t4)

S(w,t4,t3,t2,t1):Re/ dt'/ dw'Sp (W', t' t3, ta, t1)W (w, tag; 0, ) (53)

Translating the superoperators into Hilbert Space the bare signal reads
Sp(w', 1 t3,ta, 1)
Al? = /
= FE¢ ; exp(—w'T)

OF 02t (Vi(ty +ta+t3 +t + 1)V (t1 +ta+ 13 +1)
[H'(t1 +t2 +t3), [H'(t1 + t2), [H'(t1), [H'(0), po]]])d7 (54)

We shall now select the contribution with phase ¢ = ¢1 + @2 — 3 — 4 and obtain for the gated fluorescence ( Eq.

(10)):
S¢(w0.t;1") = / dtl/ dw’W(wo,t;w’,tl)Sg(tl,w’;I‘)
+/ dtl/ dw’W*(wo,t;w’,tl)Sé’,(tl,w/;F) (55)

Here the contributions S§ and Sg represent the bare signal Sp (see diagrams of Fig. 4). We have three contributions



to S¢ (pathways with (a)) and three contributions to the Sg (pathways with (b)):

Sg = Siia + Siiia + Siva (56)
Sh = Siib + Siiib + Sivb (57)
/ A2 - /
Siia (W', tg, ts, ta, 1) % —F d7 exp(—w'T)
6f4+76t24tr(V G( ) G(f4)VRG(t3)VLG(t2)VgG(tl)Vgpo) (58)
2 o)
Siib (w’, t4, t3, tz, tl) |124|1 E¢ / dT exp(—w/T)
O} 0L tr(VLG(T)V, G(t4)VRG(t3)VLG(t2)VL [ G(t1)V] po) (59)
2 o0
Siiia (w', t4, tg, tQ, tl) |12£|1 E¢ / dT exp(—zw'r)
02, O tr(VEG(T)VLG(ta) VLG (t3) VRG(t2) V] G (1) V] po) (60)
2 oo
Siiib(w/,t4,t3,t2,t1) %Eqb / dT exp(—zw/r)
0
92,02 tr (VL G(T)VEG (t2) Vi G(t3) VR G(t2) V] G(t1) V] po) (61)
2 [e'e]
Siva (w', t4, t3, tg, tl) |12i E¢ / dr exp(—zw’T)
92, O} tr(VEG(T)VLG(ta) VRG(t3)VRG (t2) V] G(t1) V) po) (62)
2 (e}
Sivb(W' s, t3,ta,t1) = —%E(ﬁ/ dr exp(—w'T)
0
002 (VLG (T)VEG (ta) VRG (t3) VRG(t2) V] G(t1) V] po) (63)

In appendix D we expand these expressions in the system states. Again we make use of the approach developed in

[32], which allows us to include finite pulse envelopes (temporally well separated but not impulsive pulses).
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-3 €N f < NN -3
to !
P2 AN P2 AN
t1 el e1
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Figure 5: Coherent signal with phase p4 = 1 + p2 — 3 Eq. (A8).

The total fluorescence from state e is given by p;; and p;;; and the fluorescence from f is given by p;y.
The corresponding coherent heterodyne detected signal generated at ¢4 = 1 + w2 — 3 is depicted in Fig. 5. For
completeness, we derive this signal in appendix A (Eq. (A8).

IV. DISCUSSION

Coherent heterodyne-detected signals generated by n fields (including the local oscillator) constitute an (n — 1)D
phase-sensitive spectroscopy obtained by varying the n — 1 delay periods. The total incoherent fluorescence signal
induced by n pulses is also (n — 1) D . Additional (either spectral or temporal) resolution of the final emitting state
makes it nD and allows to separate some groups of pathways. Time and frequency gating turns the technique into
(n+1)D. Egs. (D1)- (D6) give the fluorescence signal with phase ¢ = p1 4+ @2 — @3 — @4 and n = 4.
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The superoperator formalism allows to derive exact compact formal expressions for all possible signals. Each
technique depends on a different combination of pathways. Coherent signals ( Eq. (A1)) depend on any number of
V_ operators but the last interaction must be Vi, (in fact, due to invariance of the trace the last V7, can be replaced
by Vg or V without affecting the result). Fluorescence, in contrast, contains several V_ followed by two operators
corresponding to the detected photons one Vi and the other Vi. Coherent signals are given by causal response
functions. Fluorescence is non causal since in this technique at least one field mode is correlated with the material
system and the signal is a combination of response and spontaneous fluctuations[29, 34].

With small modifications the results of this article also apply to signals from bulk samples. The field produced at
distance z by a sheet of identical emitting dipoles with 1 dipoles per unit area, is [28]:

_ __"y _
E(r,t) = 25OCVH(O,t z/c) (64)
Eq. (12) now reads
Sp(ty,w'sT) = A2 / dre="' (Vi (tr + 7)Vir (t)) (65)

0

with Ag = —n/(2epc). All our results apply except that the prefactor A is modified and only a first instead of a
second time derivative is applied to the last two interactions. In the frequency domain we have for a single point
dipole source:

1 e/l

E = —
(r,w) e w = 0,w) (66)
compared with the bulk formula for a sheet:
E(r,w) = —w 250681(“/6)‘Z‘77V(0,w) (67)

The extra ¢ factor implies a 7/2 phase shift between the two fields.

In our calculations (Fig. 4), we assumed that the gating is temporally well separated from the excitation pulses.
The Vi, and Vi operators are therefore the last. We note however that Eq. (13) is more general and can also describe
Raman processes, where other time ordering contribute. In each diagram either Vi or Vi must be the last but
the other one can be at any time, fluorescence is generated by pathways, where the V;, and Vg are temporally well
separated from the excitation pulses. Otherwise we have additional Raman pathways.

Finally we would like to point out the possible extension to a different incoherent technique: time resolved pho-
tonelectron spectroscopy, where electrons rather than photons are detected. Phase sensitive photoelectron detection
has been reported [35-37]. Multidimensional photoelectron spectroscopy can be calculated by combining the present
results with the formalism of [38]. This will be an interesting topic for future study.
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Appendix A: The coherent heterodyne signal

Starting with Eq. (15), density matrix to the n-th order is given:

P = H'_ <Zti> Gtn_1)...G(ta)H' _(t,)G(t))H' _(0)p® (A1)
i=1
The coherent n-D signal is given by

S (oo ty) = (l’)n tr(H} G(tn) H - ...G(t2)H G(t1)H'_po) (A2)

h
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Compared to Eq. (13), we see that we have only one Vi operator, where we have in the incoherent case a V;, and
Vr operator. Since each V_ represents a commutator this constitutes 2™ possible pathways. This can be seen by
recasting Eq. (A2) in Hilbert space:

3
Sﬁg,{(tn, coty) = (%) tr(H (ty +ty + oo + ) [H (b1 4 -+ tp1) ..., H' (t + t2)[H' (t1), [V(0), p]]]])

(A3)
The third order coherent signal has the form:
3
Scon(ts,t2,t1) = (%) tr(HG(ts)H' G(t2)H G(t1)V-po) (A4)
3
—
Sunttastait) = (31) 60+ 12+ ) (1 + ) (00, [/0). ] (A5)

This is the analog to Eq. (52).
Again we focus on the signal with phase ¢4 = 1 + @2 — 3. Other signals can be collected similarly for our model.
In the RWA this has the two contributions (Fig.5).

3
Seon(ts, ta,t1) = (%) tr(VL G (t3) Vi G(t2) V] G(t1) V) po) B

3
_ (%) tr(VL G (ts) VRG(t2) Vi G(t:1) V] po) Ey (A6)

These can be recast using ordinary (Hilbert Space) correlation functions.

3
Scoh(tg, to, tl) = (%) tI‘(V(t1 +to + tg)V(tl + tQ)VT (tl)VT(O)po)E¢

3
- <#) tI‘(V(tl + tQ)V(tl + t2 + tg)VT (tl)VT (0)p0)E¢ (A?)
Expanding Eq. (A6) in system states, using the coherent limit Eq. (49) and using the approach of [32] to include the
finite field envelopes finally gives:

—1

3
Secon(ts, t2,t1) = <f> Z P079V962%2fvf81VelgEl(welg)E2(wf81>E§(Wezf)EZ(wg@)

g,e1,e2,f

exp(_lweggt3 - Veggt3 - wath - ’Yfgt2 - Zwelgtl - ’Yelgtl)

3
-1 * *
- (f) Z Po.gVgea Ver Ve, VelgEl(wew)EQ(wfﬁ )EB (wgez)Ezl (wezf)

g.e1,e2,f

exp(—wWe,ts — Vrests — Wrgta — Vrgla — We, gt1 — Ve, gt1) (AB)

Appendix B: The field Green’s function

Unlike the rest of the paper all operators in this appendix are given in Heisenberg picture. The electric field obeys
the usual homogeneous wave equation derived from Maxwell equations:
VX B(rw) — o B(rw) — o —— Vi(r,w) (B1)
rw)— —FE(rw) =w'— T, w
) o2 ) 5002 H\T,
Here V is the molecular dipole moment and & is the vacuum permittivity. Since Eq. (B1) is linear it applies also for
a quantum field, where the electric field and V' become operators [24, 39]. If we restrict ourselves to the transverse
part in far field, this equation simplifies to:
2 1

2 w _ 2
ViE(r,w) + C—QE(r,w) =—w E()?VH(T’LU) (B2)
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This equation can be solved using a Green’s function. For simplicity, we assume the Green function for an infinite
space and ignore the polarization.
The Green’s function solution of Eq.(B2) for a single point dipole molecule is point at r = 0 is [28, 39]:

1 e/l

E(r,w) = —807‘-0 TMVH(O’M) (B3)
In the time domain, this gives:
E(r,t) = %LaEVH(o,t— Ir|/c) (B4)
eoc? 4mlr|
The electric field which enters the gate at position r¢, is given by:
E(rg,t) = AVg(0,t—|rg|/c) (B5)
A= EO% % (B6)

To simplify the expressions, we will omit in the following the time retardation, assuming that the time scale at the
detector are adjusted accordingly. We now write Vi (0,t — |rg|/c) = 0} Vi (0,t — |rc|/c).

The detector geometry may affect the signal, depending if an angle is used with a lens or if it enters in parallel.
These details will affect the prefactor A and are not considered here.

Appendix C: Gating spectrogram for frequency gate followed by temporal gate

When the frequency gate is applied first, the gating spectrogram can be calculated similar to Eq. (7) and it has
the form [13]:

1 > o0 /
W (wo, to;w’ t1) = Py / dt”/ dre™ TEF (" to) Fr(t" —t1 — 7,wo) Fy(t";t0) Fis (t" — t1;w0) (C1)

For the signal Eq. (10) holds in this case as well but the gating spectrogram is now given by:

1 oo
W (wo, to;w’ t1) = 2—/ dt"|F(t" s t0) PWL(t" — t1,w'; wo) (C2)
A — 00
with
W, (t,w'swo) = / dre™ ™ F*(t — 7, w0) s (t; wo0) (C3)



Appendix D: Sum over state expression for the fluorescence signal with phase ¢ = 1 + Y2 — p3 — 4

Below we expand Eqs. (58-63) in eigenstates using the model system of Fig. 1 in the coherent limit Eq. (49).

Siia (W/, t47 t3; tQ; tl)

S

:ib(wlvt47t3u t27 tl)

Siiia (W/, t47 t3; tQ; tl)

S (wl7t47t37 t27 tl)

2310

Siva(w', ta, t3,t2,t1)

ivb

: (wl7t47t37 t27 tl) =

AP
= F Z PO,gl (_Zw9283 - 79263)2(_“‘}62!]2 - (76283 - 79263))2
e1,e2,e3,f,91,92
Ey (welgl - wl)E2 (w.fel - w2)E§ (erg - w3)EZ (we&‘]l - w4)
1
VoresVesga Vazen Vea fVier Vergn (W' + Wyyes) + Vgzen
eXp(_Zw82g1t3 — Yeagi 13 — Wigita — Vg l2 — We g, 11 — 76191t1)

AP
= ThA Z PO,gl(_Zwezgz - 76292)2(_2“]9263 - (76263 - /76292))2

e1,e2,e3,f,91,92
Ei(weygy — w1)Ea(wye, —w2)E5(wre, — w3) B (Weggy — wa)
—1
Vores Vesgs VoseaVea s Vrer Veron (—w' + Wesga) — VVeaga
eXp(_Zw82g1t3 — Yeagi 13 — Wygita — Vg l2 — We g, 11 — 76191t1)

AP
= F Z PO,gl (_Zw9283 - 79263)2(_“‘}62!]2 - (76283 - 79263))

e1,e2,e3,f,91,92
Ey (welgl - wl)E2 (w.fel - w2)E§ (w€391 - w3)EZ (wfez - w4)

1
Vires Vesgs Vgseo Veo f Viel Ve

gie3 Ye3gz ¥ gae2 ¥ €2 e1rveigy _(w/ i ngeg) =+ gnes
exXpP(—wW ety — Vfests — Wrgita — Vg ta — We g t1 — Yergi 1)

AP
= ThA Z PO,gl(_Zwezgz - 76292)2(_2“]9263 - (76263 - /76292))2

e1,e2,e3,f,91,92
Ei(weygy — w1)Ea(wye, — w2) B (Wegg, — w3) Ef (Wre, — wa)
—1
VoresVesga Vazen Vea fVier Vergn (& + Weygy) — PVeags
exXpP(— W ety — Vfests — Wrgita — Vg ta — Wey g t1 — Yergi 1)
A2
T Tha Z Fo.g, (_lwesfz - Wesfz)z(_lwfles - (7,f1f2 - Wesfz))z

e1,e2,€3,[1,[2,91
Ey (welgl - wl)E2 (w.flel - w2)E§ (w€291 - w3)EZ (wfzez - w4)

(3
V91€2V€2f2Vf2€3V€3f1Vf181V8191_(w/+w ) + Yea s
esfa esfa

exp(_zwf1€2t3 — Vfrests — walgth —Yhgtle = We g t1 — ’Yelgltl)

exp ( —Weyes ta — Ve, es t4)

exp ( —Weyes ta — Ve, es t4)

2

exp ( —Weyes ta — Ve, es t4)

exp ( —Weyes ta — Ve, es t4)

exp(—wwyp, fota — Y, fot4)

A7
T Tha Z PO,gl(_wales - 7f1€3)2(_lw63f2 - (7,f1f2 - 7f1€3))2

e1,e2,e3,f1,f2,91
Ey (welgl - Wl)EQ (wflel - WQ)Eg (Wezgl - W3)EZ (wfzez - W4)
—1
Vgle2 Vezf2vj263 Veafl Vf181ve1g1 (_w/ + w.f1es) — Wfies
eXp(_wa182t3 - 7f'1€2t3 - walgth - 7f1g1t2 - Zwelgltl - Fyelgltl)

exp(—wwy, fota — Y, fot4)

13

(D1)

(D2)

(D5)

(D6)
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