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S1. False-coloured SEM image
[image: ]
Supplementary Fig. 1 | False-coloured SEM image. False-coloured scanning electron microscope (SEM) image of the device. Aluminium electrodes (blue) are tunnelling contacted and Al electrode (yellow) are ohmic-contacted to graphene (green). The scale bar is 3 µm.


S2. Temperature dependence and magnetic field dependence of the tunnel probe and the Andreev bound states
[image: ]
[bookmark: _Hlk57843527]Supplementary Fig. 2 Temperature dependence and magnetic field dependence of the tunnel probe and the Andreev bound states. a, Colour-coded differential conductance dI/dV, at fixed φ = 0 as a function of temperature T and bias voltage V from device 2. b, Temperature dependence of Aluminium (Al) electrode resistance dV/dI. Finite resistance 88  comes from the gold electrode connected to the Al. c, Colour-coded dI/dV at fixed =0 as a function of magnetic field B and bias voltage V. d, B dependence of Aluminium (Al) electrode resistance dV/dI. 
[bookmark: _Hlk69410049]Supplementary Fig. 2a shows the differential conductance dI/dV measured at  as a function of bias voltage V and temperature T. Under the critical temperature (347 mK) of Andreev bound states (ABSs), the convoluted dI/dV peaks position is shifted by the energy of ABSs (/e) compared to the Aluminium(Al) superconducting energy gap . Note that, the bias voltage . The shifted V decreases following the Bardeen-Cooper-Schrieffer (BCS) theory. 
In addition, the intensity dI/dV peaks has sharp transition at temperature  indicating the distinct dI/dV peaks are originated from the ABSs. The reason is following. Under the , dI/dV curve is the convolution of the sharp ABSs and density of states (DOS) of superconductor, whereas dI/dV curve at temperature above  is that of relatively blurred graphene DOS and superconductor. Therefore, the intensity of the peaks become blur above the . As well as  decreases under the ,  also decreases to zero under the critical temperature of . Here, the  is 1.27 K and is estimated from the temperature dependence of Al electrode’s resistance (see supplementary Fig. 2b). The finite resistance of 88  is comes from the gold electrodes connected to Al.
Similar to the temperature dependence of the superconducting tunnel probe and the ABS, dI/dV peaks also changes depending on the magnetic field (B) in supplementary Fig.2c. As the B increases, the dI/dV peaks dramatically change at the critical field of  The superconducting gap still survives above the critical field  of 186 G. Here,  is determined by B dependence of Al electrode’s resistance (see supplementary Fig. 2d). This phenomena attribute to the narrow Al superconducting tunnel probe, which make hard for magnetic flux to penetrate the Al leads. Therefore, the superconducting gap remained until the 1000 G.


S3. Estimated full-width at half-maximum (FWHM) of superconducting tunnel probe
[image: ]
Supplementary Fig. 3 | Estimated resolution of superconducting tunnel probe. a, Differential conductance dI/dV as a function of bias voltage V from device 2. Blue line represents the raw experiment data at microwave power is -5.2 dBm. Background obtained by moving averaged the dI/dV curve is plotted as red lines. b, Background subtracted (dI/dV)BS as a function of V. (dI/dV)BS is obtained by subtracted red line from blue lines in a. Red bar is located at the peak/dip of the (dI/dV)BS curve and black arrows indicates the full width half maximum which is 22.0 .


S4.  Temperature Dependence of Andreev bound states 
[image: ]
Supplementary Fig. 4 | Phase dependence and temperature dependence of Andreev bound state. a, Colour-coded plot of differential conductance dI/dV as a function of bias voltage V and magnetic field B for device 1. The top horizontal axis shows superconducting phase difference  calculated from B. Red solid lines represent theoretical fitting in a short junction limit. The line cut at =0 plotted in the right panel shows dI/dV peaks due to upper () and lower () bands of Andreev bound state (ABS). b, Left panel shows colour-coded plot of dI/dV as a function of V and temperature T at =0. Right panel shows a line cut at T=280 mK indicated by a red arrow on the left panel. The voltage value of dI/dV peak (circle) reduces as the temperature increases and is fitted to Bardeen-Cooper-Schrieffer (BCS) theory (solid line). An additional peak (square) appears above 230 mK, and is fitted to BCS theory (dotted line). Critical temperature is indicated by white dotted line. c, Schematics of tunnelling processes from filled state of superconducting tunnel probe to thermally excited empty state of ABS in graphene at a finite temperature.
Supplementary Figure 4a shows the differential conductance (dI/dV) measured at 20 mK as a function of bias voltage V and magnetic field B (already shown in Figure 1e). As the peaks in dI/dV appear at the bias voltage , we fit the oscillations of peak position as a function of B and obtain A=42 µm2, D=0.91 (0.91), and = 46.4±0.4 µeV (46.2±0.4 µeV) for the upper (lower) band of ABS. Note that A is the effective area of the superconducting ring and D is the contact transparency, and superconducting gap of Al tunnel probe  is 215 µeV that we obtained in the temperature dependence later, , and  is the superconducting phase difference. D close to unity shows highly transparent superconducting contacts to graphene. Also note that we deposited ohmic-contacted Al electrodes that formed the GJJ in a different condition than that for the superconducting tunnel probe, which reduced  about four times smaller than  and made =18 µm much longer than L=0.51 µm so that the GJJ is strictly in a short junction limit. Difference in  and  also make the analysis on temperature dependence simple: at the critical temperature of ohmic-contacted Al electrodes  where  vanishes,  changes little by 0.05 % from its zero-temperature value due to insensitive change of Bardeen-Cooper-Schrieffer (BCS) superconducting gap at low temperature. Thus, the temperature dependence of dI/dV peak position at =0 (circle symbol) shown in supplementary Fig. 4b is simply fitted to , where  follows BCS temperature dependence with = 43.3 µeV and =347 mK (vertical dotted line in supplementary Fig. 4b), and = 215 µeV stays constant in temperature (see Supplementary Fig. S2 for the behaviour at higher temperature). Note that . Especially, additional peak (yellow symbol) appears at around V=190 µeV for T > 230 mK. At a finite temperature, a thermally excited empty state in the lower band of ABS allows the tunnelling process at  as shown in Fig. 4c, which is not allowed at low temperature. The temperature dependence of the position of additional peak is also fitted to BCS theory as  with the same fitting parameters used for fitting the original peak (dotted line). 


S5. Floquet-Andreev states at microwave frequency of 8.825 GHz
[image: ]
Supplementary Fig. 5 | Floquet-Andreev states at microwave frequency of 8.825 GHz. a, Differential conductance dI/dV as a function of bias voltage V and microwave power P measured from device 2. The microwave frequency f is 8.825 GHz and superconducting phase difference is fixed to . Replicas of Andreev bound state (ABS) peaks emerge as P increases. The duplicated peaks have equal energy spacing of 36.5 µeV, which equals microwave energy quanta. b, Colour-code plot of background subtracted differential conductance (dI/dV)BS as a function of phase difference  and V at a fixed frequency of 8.825 GHz for various microwave power. c, Line cuts of dI/dV of various P from P = -15 dBm to 3 dBm with 3 dBm intervals. d, The integrated area of dI/dV line cuts at a given P.


S6.  Estimation of electron temperature depending on the microwave power
[image: ]
Supplementary Fig. 6 | Estimation of electron temperature depending on the microwave power. a, Temperature Dependence of ABS at  as a function of the V from device 2. The peaks of the ABS are marked with black circles. The pairing gap of ABS is fitted using BCS Theory and is indicated by the red solid line. b, The background subtracted differential conductance as a function of bias voltage V and microwave power P from device 2. The microwave frequency is at 12 GHz. The original ABS peaks are indicated by the black circles. c, Microwave power converted by the device temperature Tdevice by matching the pairing gap size of ABS peak of a and b. Power and temperature is fitted and indicated by black dotted line.
We estimate the electron temperature ( depending on the microwave power by comparing the differential conductance(dI/dV) peak dependence on temperature and the microwave power Supplementary Figure. 6a shows the temperature dependence of dI/dV peak at superconducting phase difference, , which is fitted to . Note that,  and  follows the of Bardeen-Cooper-Schrieffer (BCS) temperature dependence. The temperature dependence of ABSs is fitted as the same way in supplementary Fig.4b.
Similar to the temperature dependence of ABSs, the peak position (black circles) of original ABSs increases as the microwave power increases in supplementary Fig. 6b. This implies that the irradiation of microwave increases the electron temperature of the ABSs. By matching the bias voltage of dI/dV peaks, we can estimate the microwave power dependence of electron temperature as shown in supplementary Fig. 6c. 
At sufficiently low temperature, the heating power and electron temperature follows the following equations1, 2,

, note that, A is the electron-phonon coupling coefficient,  is the base temperature,  is coefficient depending on the materials. The relation between electron temperature and the microwave power is fitted using above equations and rewritten by,
	
	
	(1)


The electron temperature reaches to critical temperature  at microwave power of 0.47 dBm. 


S7. Fitting Procedure for Differential Conductance
[image: ]
Supplementary Fig. 7 | a, Normalized density of states (DOS) of Andreev bound states (ABSs) and proximity-induced superconductivity. DOS is normalized by DOS at energy is sufficiently larger than the superconducting induced gap,  Note that DOS for ABSs is delta-function-like b, Differential conductance (dI/dV) as a function of bias voltage V for various temperatures. Note that, each line has offset of 0.8  Red circles and black solid line represents the experiment data and theoretically calculation respectively. c, Measured dI/dV as a function of V and T. d, Theoretically calculated dI/dV as a function of V and temperature T. e,f Numerically calculated dI/dV as a function of V and microwave power P (e) without and (f) with considering into account for the background DOS due to proximity-induced superconductivity. g, Measured dI/dV as a function of V and P up to 0 dBm to compare with theoretical calculation.

We provide more details in our fitting procedure for the differential conductance. In our experiment, we measure the microwave power dependence of the tunnelling differential conductance (dI/dV) from superconducting tunnel probe to graphene of GJJ. This differential conductance contains the contributions not only from the Andreev bound states (ABSs) (without applied microwave) or Floquet-Andreev (F-A) states (with applied microwave) but also from the “background” coming from the proximity effect of ohmic-contacted Al superconductors of the GJJ. As it is difficult to theoretically model the evolution of the background dI/dV in terms of the microwave power, we take a phenomenological approach for the background signals. To state our approach clearly, we note the four following facts. First, Floquet systems subjected under the small, perturbative driving fields should not be too much different from the equilibrium counterparts. Second, the significant portions of the background signals are expected to come from the nearby Al superconductors in the GJJ. The assumed background is schematically shown in supplementary Fig. 7a. Third, the temperature dependence of the pairing gap is approximately given as the interpolating function: 

with the critical temperature  and the pairing gap at the zero temperature . Finally, we find that the pairing gap of the Al superconductors at power P is the same as the pairing gap at the temperature T without applied microwave as given in Eq. (1). Combining the above, we get the total tunnelling current as

where  is the frequency (or energy interchangeably),  is the expectation value of the occupation number of the -th F-A state, , defined in the below of Eq.(3),  is the DOS for the superconducting tunnel probe,  is the DOS for proximity-induced superconductivity from Al superconductors into graphene,  is the Fermi-Dirac distribution,  is the single particle spectral function of the F-A states defined in Eq.(4),  is tunnelling amplitude from superconducting tunnel probe to ABS formed in graphene,  is tunnelling amplitude from superconducting tunnel probe to proximity-induced superconducting states in graphene. Here,  and  are defined as3

and

[bookmark: _Hlk69026816]with the Dynes parameters  and , the pairing gaps  and , for the superconducting tunnel probe and proximity-induced superconductivity from Al superconductors into graphene, respectively. Differentiating  with respect to the voltage  gives the differential conductance dI/dV. In summary, we model dI/dV originated from the F-A states as a function of free parameters: , , , , , , , and . The definitions of these symbols are listed in the Table.S1.
We then confirm our assumptions and determine free parameters by matching the experimentally measured temperature dependence of dI/dV without applied microwave () shown in supplementary Figs. 7c to the theoretically calculated dI/dV () shown in supplementary Figs. 7d. For the fitting, we focus on the experimental data at V < 0, where superconducting tunnel probe works better than in the positive bias voltage regime presumably due to asymmetric tunnelling barrier. The detailed procedures for determining each parameter are as follows: First, the proximity-induced pairing gap  and corresponding  are determined by matching the peak voltages of  and . Note that  is significantly (about four times) larger than , so the temperature dependence of the peak position at the low temperature unambiguously determines  and . Here,  is determined from the temperature dependence of Al electrode’s resistance (see supplementary Fig. 2), and  is fitted from the temperature dependence of ABSs using the relations,  (see supplementary Fig. 4).
Second,  and  are determined to match  with  in the limit of large , and  and  are determined to match them near peaks. Since  and  depend on , they cannot be determined separately in principle, so fixing them requires huge computations. However, we find that if we can bound the value of  in a small range, then we can also bound  to be in a smaller range, so we can treat  as a constant for a sufficiently small . To make this idea more clearly, we compute  in the large  limit:

which depends only on  and . Here, we assume  and use the facts that  and  converge to zero and one, respectively, in the limit of . Thus, if  is bounded in a small range, say  for some  and , then  should be bounded in the smaller range 

where  is the value of  when , to match  with  in the limit of large . In addition, we find that in order to match  with  near peak,  should be in the small range, . We choose  as the mean value of the bounds (0.075) and  as (0.015). We then obtain the range for  as . Thus, we can approximate  as . We determine  that gives , where and  are the minimum temperature and the maximum voltage of the experimental data, respectively. Note that the temporal value for  is not used for the computation of , instead, it will be replaced by the fine-tuned value. Remarkably, even though we determine  at  and ,  matches with  for any temperature  in the limit of large . Next, we search the precise values of  and  that give optimal fit of  with  near the peaks for all temperature .
Next, Dynes parameter  is determined for matching the overall shape of  to that of . Since  determines the overall shape, its value is determined less precisely compared to other parameters.
Finally, we numerically compute the microwave power dependence of dI/dV originated from the formation of F-A states (). To do so, we assume the relation between the temperature and the power as given in Eq. (1). In addition, we introduce the scaling factor  for the microwave power. The field strength  at the microwave power P is given by

where  is to be determined. Note that  corresponds to  of the main text as . We determine  that gives the best matching between  and experimental data  with all the other parameters fixed as the same for calculating  above. The values for parameters and which experimental data used for determining each parameter are summarized in Table.S1.
Supplementary Fig. 7e shows the numerically computed dI/dV without considering the background from proximity effect. Without backgrounds, the F-A state peaks evolving with P are clearly shown, and the intensity of dI/dV peaks follow the polarization-averaged Bessel function. The numerically computed  with considering the background is plotted in supplementary Fig. 7f, which describes the overall features and peak intensity of the experimental data in Fig. 2a. The deviations from the experiment data for P >-7 dBm is attributed to the fact that our theory does not hold for strong perturbations which leads to non-equilibrium states.
	Symbol
	Parameter
	Fitted experimental data to determine parameter
	Value

	
	Pairing gap of probe at T=0
	Peak position of 
	0.215 meV

	
	Proximity-induced gap at T=0
	Peak position of 
	0.051 meV

	
	Critical temperature of probe
	Peak position of  
(Supplementary Fig.3a)
	1.27 K

	
	Critical temperature of proximity-induced gap
	Peak position of 
(Supplementary Fig.4)
	0.347 K

	
	Tunnelling amplitude between probe and ABS state
	 near the peaks
	  

	
	Tunnelling amplitude between probe and proximity-induced gap
	 in the limit of large 
	  (

	
	Dynes parameter of probe
	 near the peaks
	0.08

	
	Dynes parameter of proximity-induced gap
	
	

	
	Power scaling factor
	
	0.9


Table S1 Parameters used for the numerical simulations of the differential conductance.

8.  Background subtraction method 
[image: ]
Supplementary Fig. 8 | Background subtraction method. a, Line cuts of dI/dV peaks(blue) without background subtraction at certain microwave power (indicated by white dotted line at each frequency). Voltage difference between adjacent peaks is also denoted in the plot. Background data determined by averaging over several dI/dV peaks is plotted by orange line. The voltage difference between adjacent dI/dV peaks is also denoted in the plot. b, Background subtracted differential conductance  as function of bias voltage V and microwave power P for various frequencies f.
In supplementary Fig.8a, blue lines show raw data of differential conductance dI/dV as a function of the bias voltage V at certain microwave power (indicated by white dotted line in supplementary Fig. 8b for each frequency). We can clearly distinguish the dI/dV peaks at equal distance of microwave energy quanta , where h is the Planck constant and f is the frequency of the microwave. The voltage difference between adjacent peaks is also denoted for various frequencies. The average value of the voltage differences as function of the f is plotted in Fig. 8b in the main text. 
The dI/dV peaks of supplementary Fig. 8a is convolution of F-A states and density of states (DOS) of the superconductors. Therefore, background data which is DOS of the superconductor should be subtracted to clearly visualized the F-A states. We determine background data by averaging over several dI/dV peaks in supplementary Fig. 8a. By averaging over several point, peaks of F-A states are smoothed out and global features of superconducting DOS are remained. The background data is plotted as an orange line in supplementary Fig. 8a for each frequency. By subtracting background data, F-A states are clearly visible in supplementary Fig. 8b.


9. Theoretical calculations of Floquet-Andreev states

9-1. DBdG Equation & Andreev Bound States
Here we will show some details of calculating the wavefunctions of the ABS in GJJ by mostly following4, 5. The ABS in GJJ is obtained by solving so-called the Dirac-Bogoliubov-De Gennes (DBdG) equation with a certain configuration in the pairing. The equation describes electron and hole excitations in a superconducting electrode on graphene5 and is given as

where , ,  is the chemical potential, and  is the time-reversal operator given as . The Hamiltonian for the graphene region  is the Dirac Hamiltonian,

We can block-diagonalize this as

where , , and

[bookmark: andreev-bound-state]From here and on, we will assume that for  and for , while  in .  Following4, 5, we can write out the ABS for 

where  and , and 

In the above, , , , , , and  with  4, 5. In addition, when , i.e. the so-called short junction limit, the energy spectrum is given as 

where , which agree with the previous literature 6. Similarly, we can solve for  and write the corresponding ABS. 

9-2. F-A states in GJJ & Differential Conductance dI/dV
Here we show how we obtained the spectral weight of the Floquet-Andreev(F-A) states and how the spectral weight is related with the differential conductance. This requires the calculation of the appropriate Green functions and spectral functions for the F-A states, which can be obtained from the time-evolution of the states. 
Below we will first calculate the time evolution of the F-A states, from which we obtain the Green functions. Next, we will show how these quantities manifest in the differential conductance between a superconducting tunnel probe and graphene. 
9-2A. F-A states in GJJ: In general, to find the Floquet states, one resorts to diagonalize the so-called Floquet Hamiltonian, which is an infinite-dimensional Hamiltonian defined in frequency domain7. However, in our case the Floquet states and their quasi-energy spectrum can be more efficiently calculated by explicitly solving the time-dependent Schrodinger’s equation. 
Our starting point is a normal graphene subject under the periodically oscillating electromagnetic field. First, we consider a monochromatic electromagnetic wave  as
	
	
	(2)



The phase factor  and the ratio of ,  determine the polarization of the light. At the last step of the calculation, we will perform the average over the polarization to model the experimental situation, where the microwave is unpolarized. 
With this gauge field, the Hamiltonian in the graphene region of our GJJ becomes

where . We will focus only on the time evolution of the ABS whose y-directional momentum is nearly zero, i.e., , which are observed in our experiment. Then, we can show that the ABS are approximately the eigenstates of  for the field  much smaller than the kinetic energy, . In fact,  is roughly  for our experimental parameters. Hence, we can immediately find the solutions of the Schrodinger’s equation with the periodic driving   

where  and  are spatial electron wave function and hole wave function of the ABS, respectively, and  is the energy of the ABS. Finally, from , we can find the corresponding quasi-energy of the state as . 

Next, we use the Jacobi-Anger expansion to slightly rewrite the Floquet states as 

where  and  are some constants that depend on the light polarization. Also  is the Bessel function of the first kind, and  is the dimensionless parameter . This is the expression that we will use below. 

9-2B. Green functions & Spectral Functions of F-A states: Next we calculate several Green functions and use them to obtain the spectral functions of the F-A states. Here we use the second quantized operators , which allow creation/annihilations of the corresponding Floquet states. Our first step is to obtain the diagonal greater Green function . 

with  and . Here, the expectation value is defined as

where  is a distribution function of the stationary system defined in7. We assume that   is diagonal in the F-A states,
	
	
	(3)


so that  is given as . 
To obtain the spectral function, we next average  over  and then transform  to frequency space,

where  is the principal value of the pole8, and . In the same fashion, we calculate the time-averaged lesser Green function in frequency domain,

In addition, since the diagonal retarded Green function is given as,

so averaging  over  and transforming  to frequency space give

Thus, the time-averaged spectral function is given as

Since the microwave in our experiment is unpolarized, we need to average this spectral function over the polarizations to compare with the experimental data. This gives

where  is the average of squared Bessel functions over the polarization,

where  is the polar angle of the field in xy-plane, . Note that the phase difference  between the x- and y-components of the gauge field, which is defined in Eq. (2), does not appear in the expression of , since  only depends on the amplitude.

9-2C. Tunnelling Conductance of F-A states: Our final step is to compute the current induced by small voltage applied to the superconducting tunnel probe. We will closely follow Ref.9. However, instead of using the equilibrium Kubo formula, we will use the Floquet-Kubo formula given in7. We will assume that electronic tunnelling between the graphene and superconducting tunnel probe are a constant  over time and energy9, 10. Then, the tunnelling current is  

Here , and subscripts  and  refer to states in the tunnel probe and the sample respectively. From the definition of retarded and advanced Green functions, we can rewrite this as

We then change variables from  to  as before and then transform  to frequency space to find 

Defining  as  gives

Averaging  over  gives

Integrating over  gives

where we used the fact that  is zero if  is negative. We will assume that the electrons in tunnel probe follows the Fermi-Dirac distribution, 

so

Thus, considering altogether,

For a cleaner representation, we define  as
	
	
	(4)


This is essentially the contribution of a single F-A state to the full spectral function. With this, we can rewrite the tunnelling current as

For the sufficiently low temperature , we can treat  as the Heaviside step function . In this approximation, we find 
	
	
	(5)


Thus, the differential conductance is given as

Here, we have used , which comes from the BCS density of states (DOS) with the Dynes parameter 9, 10,

with the superconducting gap . The derivative of the DOS of the tunnel probe, , diverges at  when  and becomes large for small . Since the Dynes parameter is typically expected to be much smaller than 19,  is peaked at . Hence, we approximate the integral by the sum of the contributions at  to find 

Note that in the presence of a periodic driving, quasi-energy spectrum and distribution functions can be very different from those of the systems without the driving. However, in our experiment the electric field is weak compared to the other energy scales. Hence, we expect that the distribution function of the F-A state is not much different from that of the corresponding equilibrium state, i.e. . Taking this distribution function as an ansatz distribution for our experiments, the differential conductance finally becomes
	
	
	(6)


One can easily confirm that Eq. (6) well reproduces the overall shapes of the experimental differential conductance.   

[image: ]
Supplementary Figure 9 | The left (right) figure shows the differential conductance of ABS with the periodic driving before (after) multiplying the distribution function to .

9-3. Floquet Sum Rule
Here we explicitly show that the time-averaged spectral function  and the differential conductance satisfy sum rules. 
Our starting point is the demonstration of the sum rule of .

where  is the number of states in the system. Since this holds independently of the value of , the same holds for the polarization-averaged spectral function . These are examples of the general Floquet sum rule6, 7. Using this sum rule and Eq. (5), we derive the sum rule for the differential conductance.

where we have used.
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