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S.1 Line search details

In scenarios where the current variable is far from a stationary point (i.e. violates the second order
Taylor expansion used in the FDNR approximation) or there was an incomplete convergence of the
GMRES solver, the convergence of the FDNR algorithm is accelerated by including a parameter &

that scales the change to the variable vector according to
Vil = Vi + EAVL. (D

The update vector AV is the optimal direction we should move in, yet the overall optimization
may converge faster if we can determine algorithmically how far we should move that direction
in parameter space. The line search algorithm described in this section and illustrated in Figure
1 identifies the step size, reducing the impact of “bad steps” and maximizing the effect of “good
steps” towards the desired energy stationary point.

After computing the descent direction Ay, via the GMRES algorithm, we then aim to minimize
g(&) = f(Vi + EAV,), where f is a target function for the line search. This target function need not
be identical to the main algorithm’s target function like L; or L, ; in fact, we most often used the
energy as the line search target function as it is cheaper to compute than other potential line search
target function candidates such as L, |VE]|, or |VL|. However, minimizing the energy is not ideal in
scenarios where AV, mainly affects energy-invariant parameters such as the lagrange multipliers in

L. For cases where the line search seemed ineflicient or failed when minimizing the energy, we



instead used L as the line search target function.
Once we have selected a target function, we then identify two points with opposite-signed

derivatives, £, and &g. Although we use the approximate derivative
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as another cost saving measure, by the intermediate value theorem, we are guaranteed that &; and
&g are left- and right-side bounds, respectively, for the line search step size that minimizes g(¢), &.

With these new bounds, we then start with a bisection search, where a central point is suggested
according to &¢ = %(.fL +&r). It D(&) < D(éc) < 0, the central point becomes the new left-
side bound, i.e. & — &;. Alternatively, if 0 < D(éc) < D(&r), éc — &g. This first bisection
search tightens the bounds closer to the minimum. Then, the line search generates a few points
between the bounds and attempts to fit the function g(£) with the two or three points with smallest
values of D(¢) to either a linear or quadratic polynomial to produce an estimate to &. If this new
estimate does not have a sufficiently small value of D(&), the line search reverts back to a bisection
search. Overall, the linesearch is quite robust, computationally cheap — converging in about twenty

function calls, and greatly improves the speed and numerical stability of the FDNR algorithm.



E(v + &Av)

Figure 1: A fictitious example illustrating the line search is shown. The energy of the wave function
is the target function and is plotted against &£ in green. The initial bounds are chosen such that the
target function is decreasing at &, and increasing at £¢. An initial bisection search locates &¢, the
central point between the bounds as shown by the dashed lines and double-headed gray arrows,
and this point becomes the new left-most bound to the minimum. Two more points are generated
between the bounds, & and &», and a parabola — plotted in black — is fit to those three points with
smallest values of D(§): &c, €71, and &f,. The minimum of that parabola shown by the yellow star
is approximately &, — the value that minimizes E(v + £Av).



S.2 Excitation Energies Results

Table 1: CSF coefficients in the ESMF wave function with amplitudes larger than 0.1 are tabulated
for each molecule in the test set. Orbital ordering is relative to RHF orbital energies produced by
MOLPRO version 2019.1. Note that other levels of theory may have different orbital energies, and
thus orbital orderings. In these scenarios, we ensured we were comparing the same excitations by
plotting and visually comparing orbitals contributing to the major CSFs in the excitations between
theories.

Molecule Excitation CSF Amplitude
Acetaldehyde HOMO — LUMO 0.65
HOMO-5 — LUMO 0.17
HOMO-4 — LUMO -0.15
Ammonia HOMO — LUMO 0.70
Carbon Monoxide HOMO — LUMO 0.70
Cyclopropene HOMO — LUMO 0.68
HOMO — LUMO+3 -0.19
Diazomethane HOMO — LUMO 0.68
HOMO — LUMO+3 -0.16
Dinitrogen HOMO-1 — LUMO 0.49
HOMO — LUMO+I 0.49
Ethylene HOMO — LUMO 0.69
Formaldehyde HOMO — LUMO 0.66
HOMO-3 — LUMO 0.22
Formamide HOMO-1 — LUMO+2 0.68
HOMO-4 — LUMO+2 -0.11
Hydrogen Sulfide HOMO — LUMO 0.70
Ketene HOMO — LUMO 0.69
HOMO  — LUMO+3 0.14
Methanimine HOMO — LUMO 0.67
HOMO-2 — LUMO -0.17
Nitrosomethane HOMO — LUMO 0.65
HOMO-5 — LUMO 0.21
HOMO-2 — LUMO 0.14
Streptocyanine Cation HOMO — LUMO 0.70
Thioformaldehyde HOMO — LUMO 0.70
Water HOMO — LUMO 0.70
Ammonia — Difluorine HOMO — LUMO 0.70
Dinitrogen — Methylene HOMO-3 — LUMO 0.70




Table 2: Comparisons for singlet excitations from the ground state in the cc-pVDZ basis set. We
report 0-CR-EOM-CC(2,3),D excitation energies in eV, with other methods’ results reported as
excitation energy errors in eV relative to 0-CR-EOM-CC(2,3),D and summarized in terms of mean
unsigned error (UE) and maximum UE.

6-CR-EOM- EOM- TD-DFT TD-DFT
Molecule CC(2,3),D (eV) CIS CIS(D) CCSD B3LYP wB9I7X-V ESMF ESMP2
Acetaldehyde 4.36 0.71 0.25 0.21 0.09 0.14 -0.63 0.15
Ammonia 7.57 0.95 0.06 0.05 -0.52 -0.07 -0.46 -0.01
Carbon Monoxide 8.76 0.61 0.51 0.30 0.16 0.31 0.05 -0.16
Cyclopropene 791 0.57 -0.33 -0.08 -0.83 -0.33 -0.41 -0.06
Diazomethane 3.01 0.38 0.82 0.45 0.05 0.09 -0.67 -0.04
Dinitrogen 10.36 -1.31 0.62 0.44 -0.03 0.00 -1.39 0.06
Ethylene 8.80 -0.25 0.12 0.19 0.11 0.10 -0.43 -0.29
Formaldehyde 4.08 0.63 0.25 0.19 0.07 0.10 -0.69 0.15
Formamide 5.86 0.88 0.16 0.21 0.04 0.11 -0.79 0.13
Hydrogen Sulfide 7.05 0.58 0.24 0.11 -0.27 0.20 0.00 -0.07
Ketene 3.78 0.70 0.59 0.36 0.22 0.31 -0.23 -0.05
Methanimine 5.35 0.66 0.35 0.22 0.00 0.11 -0.59 -0.02
Nitrosomethane 1.85 0.27 0.30 0.25 0.13 0.12 -0.41 0.17
Streptocyanine Cation 7.53 1.55 0.07 0.28 1.08 1.07 0.21 -0.42
Thioformaldehyde 2.18 0.58 0.26 0.24 0.13 0.17 -0.54 -0.08
Water 8.30 1.02 -0.12 -0.01 -0.57 -0.22 -0.67 0.05
Ammonia — 9.27 2.38 -0.78 0.51 -6.91 -2.69 -1.49 -0.27
Difluorine
Dinitrogen — 15.49 1.66 0.26 0.60 -6.58 -1.79 -0.69 0.15
Methylene
Max UE 2.38 0.82 0.60 6.91 2.69 1.49 0.42
Mean UE 0.87 0.34 0.26 0.99 0.44 0.58 0.13




S.3 Molecular Geometries

All geometries are reported in Bohr.
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Streptocyanine Cation
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Lithium Hydride (Stretched)
Li 0.000000000 0.000000000  0.000000000
H 0.000000000 0.000000000 13.228082872
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