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. DISCUSSION: SUPERSPLITTING

The supersplitting of vacuum Rabi peaks can be explained qu#atively within a simple intuitive model, based on
the two-level approximation described in the main text. This \reduced Bloch model" disregards pure dephasing and
is an approximation for large powers (to be de ned more precely below).

We assume that the relaxation channel is monitored so that tle system always remains in a pure state. In this case
the dynamics of the two-level system can be visualized on th8loch sphere (Fig. S1), where the state of the system
is represented by a unit arrow. The unitary evolution under the hamiltonian of Eq. (4) corresponds to a rotation of
the state arrow about a tilted axis in the y = 0 plane. Hgre, the tilt angle is determined by the detuning and the
drive strength , and the rotation frequency is given by 2+ 222,

At zero temperature, relaxation processes can be pictured saa resetting of the system state to the ground state
(south pole of the Bloch sphere) at random times and with an aerage rate =T. We focus on the case where the
rotation frequency is large compared to this rate, that is
P—= + 2 1=T2 (S1)
satis ed for su ciently large drive strength and/or detuni ng. Under these conditions, the expectation valugh ij =
jh xi ih yij=2 can be approximated by the time-averaged projections of tk rotation onto the x- and y-axes, see
Fig. S1, which results in

hyiz=———: h,i=0: (S2)
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Figure S1: Bloch sphere picture for the qubit{photon 2-level system. Starting from the ground state j#i represented
by the thick arrow pointing to the south pole of the sphere, th e evolution under the Hamiltonian is nutation around the til ted
axis whose x and y components are determined by the drive strength and detuni ng = !o1 g0 !4. The measured
heterodyne amplitude is proportional to jh ij. This quantity can be approximated by the time-averaged pro jection of this
motion onto the x-axis.
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Figure S2: Supersplitting of the vacuum Rabi peak in experiment and the ory. Comparison between experimental

data ( lled squares), the reduced Bloch model (dotted lines ), and the Bloch equation solution, Eq. (6), (solid lines) fo r the line

cuts shown in Fig. 2c. a{d show the squared transmission amplitude A? as a function of drive frequency ! 4=2 , for 4 decades
of drive power. For clarity, in a the reduced model result is only shown in the magni ed inset. The Bloch equation calculation

agrees with the data except at the highest power. As expected, the reduced model fails at lower powers but follows the Bloch

equation result for moderate and high power.

Accordingly, the approximation of the reduced Bloch model results in a heterodyne amplitude of

Al — 7 (S3)
As shown in Fig. S2 this reproduces the shape of the experiméal data very well for high enough drive powers. In
particular, it reproduces the surprising dip at zero detuning. Within the reduced Bloch model this corresponds to the
case of a rotation about thex-axis, such that the projection onto the x-axis always vanishes. From this it is also clear
that the predicted squared amplitude does not reduce to the ihear-response Lorentzian shape in the limit ! 0,
which is to be expected given the assumption (S1) made in dering the result (S3). We note that Eq. (S3) does not
completely agree with the corresponding asymptotic limit d the solution of the Bloch equations, Eq. (6). (This can
be corrected if the above argument is modi ed and made rigoras as an unravelling of the master equation.)

1. EXPERIMENTAL METHODS
A. Fabrication Details

The transmon qubits are fabricated in a circuit QED architecture, requiring only two separate lithography stages
on a single-crystal sapphire substrate. The cavity is de nal via optical lithography in a dry-etching process of 180 nm
thick niobium. The qubits are patterned using electron-bean lithography and made in a double-angle deposition
of evaporated aluminum consisting of a 100 nm and 20 nm thickdyer!. Furthermore, the qubits are designed with
a split-junction design, with junction areas of 0:20 0:25 m?, such that the e ective Josephson energy may be
tuned by an external magnetic eld, E;; = EY*jcos( = o)j. The two qubits can be tuned by de ning di erent
incommensurate superconducting loop areas, and in this cas , = 0:625 1. The two qubits are designed to have
signi cantly di erent cavity coupling parameters goi by increasing the total capacitance of transmon 2. This is
e ectively done with the \cradle" design of the lower gy, transmon as shown in Fig. S3b, where the arms extending
around the edge increase the capacitance to ground. The high go.1 transmon is shown in Fig. S3c.
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Figure S3: Two-qubit circuit QED sample. a , Optical micrograph of a chip with two di erent transmon qub its coupled

to a coplanar waveguide resonator. The cavity is operated as a half-wave resonator and the qubits are located at opposite
ends of the cavity, where the electric eld is an anti-node. b, Optical micrograph of transmon with lower cavity coupling
Oo:2 = 94:4 MHz. Compared to c, which is the optical micrograph of a transmon with higher ca vity coupling go.1 = 347 MHz,
the transmon qubit in b is designed to have a larger capacitance to the lower ground gane via the arms which extend around
the edge.

B. Measurement Details

The experiment is performed in a dilution refrigerator at 15mK. There are only two lines in the setup, an input
line for RF drive which is thermalized via attenuation to 15 mK before entering the sample, and an output line which
is ampli ed via a low-noise-temperature high-electron mobhlity transistor (HEMT). A chain of microwave circulators,
thermally anchored at 15 mK, precedes the HEMT to reduce the mmber of re ected noise photons from entering the
sample. Figure S4 shows a simpli ed circuit diagram of the masurement setup.
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Figure S4: Schematic for measurement setup. Only a single RF drive tone is used. The HEMT is anchored at 4K a nd

has a noise temperature of 5K. Two circulators are used in series, each providing an isdation of 20dB over 4 to 8 GHz.
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Transmission measurements are performed using a heterodgrdetection scheme. A single RF drive tone is applied
to the input side of the cavity. The transmitted RF voltage si gnal from the cavity is mixed down to a 1 MHz carrier
signal, and the in-phase and quadrature components are exacted digitally. By detecting the transmitted voltage
amplitude while sweeping both an RF drive signal and the extenal magnetic eld, a transmission map like that
shown in Fig. S5 can be obtained. From this map, the two qubitscan be identi ed from the di erent avoided crossing
splittings 2go:i as well as the di erent ux periodicities.

I | I ! I \
\ I \ \ I ) \ I |
7.2 / / / /
g ! b ppon ! ; A Qubit\2 !
;o I b 1, v ' Qubtl Vo [yl
;o I Voo i, \ ' crosshg,6 1 | Crossng
=L _ 1
~ 70— | \ I s \ I [ T T oy
I 1 1
1 I ! \ I (I I 1 L
O | | { ] A ' il
— | \ I i | I (- Lo ! i
~ Lo | \ I ol | g Lot
il 6.8 I I I [ [
o o ! 1 I (I I | !
— I ] I t I
(I | | | (. v !
] ] ] | ]
| (I . | (. (- | | Y
6.6 — | 1 ! 1 [ (I i n !
{
(] ! 1 I (. I
| I | I |
1 ! | I (- I
' L | 1 1 ' - ' 11 g
64 — . I — I H I - I —
-15 -10 -5 0 5 10 15
Magnetic Field B [a.u.]
Figure S5: Transmission map with sweeping magnetic eld. As a guide to the eye, the dashed lines show the crossings

with the cavity of qubit 1 (red) and qubit 2 (green). The exper iment with the transmon qubit 1 is performed around the
crossing at magnetic eld B = 8. The experiment with transmon qubit 2 is performed around the crossing at B = 15.

For the present experiment, the magnetic eld can be tuned tolocations where only one of the qubits is in resonance
with the cavity. The large map provides a coarse location of he relevant splittings. The exact resonance point is
obtained through successive ne tuning of the magnetic eldin small steps and checking the di erence in frequency
between two tted Lorentzians through the vacuum Rabi split ting, until this di erence is minimal.

. MOVIES

Supplementary Movie 1: Emergence of P n peaks under strong driving of the vacuum Rabi transition. The
movie shows the heterodyne transmission amplitudé\ as a function of drive frequency k-axis), as the drive power is
increased over time. It demonstrates the smooth evolution bthe vacuum Rabi peaks into supersplit doublets, and the
appearance of multiphoton peaks. The parameters are idental to the ones in Figs. 3 and 4, and are held constant over
the full power range. Experimental data (as in Fig. 3a) is shevn in red, the master equation result in black. The devi-
ation observed at highest drive powers at 4=2 ' 6:93 GHz is due to nite temperature e ects involving higher le vels.

Supplementary Movie 2: Qubit{cavity avoided crossing at high drive power. The movie shows the heterodyne
transmission amplitude A as a function of drive frequency k-axis), as the qubit frequency! ¢; is tuned through
resonance with the cavity. The usual anticrossing between @pit and cavity is augmented by the appearance of
multiphoton peaks. As in Fig. 4, the drive power is chosen as 4 dB, and the experiment and theory are shown in red
and black, respectively. Due to the truncated Hilbert spaceused in our calculations, theory is expected to agree with
experiment only close to resonance, i.e. in the range of i46. B . 1552. The anomalous behaviour atB ' 15:59,
also seen in Fig. 4, is likely due to the crossing of a higher \el of the second qubit present in the cavity.
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