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Abstract

Non-Gaussian quantum states are generated in physical systems with continuous
variables. Furthermore, the associated properties are studied. Specfiically, the
Wigner distribution, the purity and negativity are calculated. Subsequently, the
results are verfiied for their accuracy and compared to the expected theoretical
results for these non-Gaussian quantum states.

Keywords: Open quantum system, non-Gaussian states, Wigner function negativity,
fidelity, purity.
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import qutip as qt

import numpy as np

import matplotlib as mpl

import matplotlib.pyplot as plt
import matplotlib.cm as cm

) ] o) 3 ot qte e Loy quiip 25 sl 58 1 o5y kel
At g numpy 4:5e sl (:)25 2 VEJJL“J‘ L} qte e A (""55“”\1 qutip 45 sy 3l
25 05l G Aladl) Baaall Ol UL Flay sl 53, 255 2y mpe ey U
Sy 0l 3 b 1K 0 55le 2y mple 5 b s iy matplotlib 4556 3 o5 JU]
2 plte 5 Laaz s matplotlib - pyplot >y 4 VS) el sy s (UL sad Jv.::ﬁ
sl g5 5 o Sl @l Sl LAY Lpluse] & A BB e i & pyplot
Slimell G Lolasea) (Ko ) OV e 2,2 5,01 0ds p g ome e Lobaaiy matplotlib
’ ERIN]
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r‘JnZMLCp)waLA\LJm‘ ﬁ\y&f;ml(g8)7dw‘%} . ’O> dﬂﬁg.)\
3 fi «4® Wigner dls olus e s Bl f:B\ ods 544 ¢ numpy - linspace s
wigner !> (‘J&:«ﬂl{ (state) TR TA:AJXJ\ AL das L) Wigner dls olus f‘i 10 L.
G P xdhuly soad] Obladly a2 WY Wigner dls Olus W1l ods 054 ¢ qutip e
b saall oda rm ¢ numpy - meshgrid !> r\.\&m\{ Py X 2500 sl2i] & 12

. Wigner 1> fw) XPp G 3 b e slady

o oL 5 16 5 15 okl G dlgle Wiad @ [0) 2 aol) b dlls o) OV fi
Al fv')f’i 18 jL.l (3 . matplotlib - add-subplot 4 figure (s <-\.\$=:ML. ala&\ M
e (ax) h}Lﬁ\‘f’ %;J\ sl e plot-surface ) ga\.,\éamlf Cls.a K& e Wigner
20 Gkl (3 N3y set-ylabel 4 set-xlabel (| (r\.\ée:“ﬂ\.: P s X yoldt Oled s E3
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@2 S e L*;)\} ¢ qutip - wigner-cmap ! C‘JEANL' Wigner C)\}ﬁ oy 2oLl 052
) matplotlib - contourf ¥\, (-\.\A:ML 58S - ] (3',(5 .C)\}ST U1 Wigner 4l
ol s éLs ‘em . Spectral' 1] 01V day 2 pm & Wle Sliows ¢ Wigner s
Lol b5 Blal & 45 4) 37 e o) WOmax () J) -WO.max() oo 45l
'y fw)‘ Lo ff .‘_gjLT 5P x ol Ol M(‘:: . colorbar 41! r\.\&-;.wl{ fw)\

.JQ!:\H (w)\ w2 A plt.show () sleuza & c\:ﬁ\!.i vy 55y (ket-2-0.png) M 890
1) o ol i 4l ey Pl &30 Bl ks

.

# wigner of state [0
from qutip import wigner, basis
state = basis(2, 0) # qubit state [0

Set the range for x and p axes

= np.linspace (-5, 5, 100)

= np.linspace (-5, 5, 100)

Calculate the Wigner function for the state [0
WO = wigner(state, x, p)

H'O K

X, P = np.meshgrid(x, p)

# Create a 3D plot

fig = plt.figure()

ax = fig.add_subplot(111l, projection='3d"')
# Plot the Wigner function as a surface
ax.plot_surface(X, P, WO, cmap='jet')

# Set labels for x and p axes
ax.set_xlabel('x')

ax.set_ylabel('p')

# Save and download the plot
plt.savefig('ket-0.png')
files.download('ket-0.png')

# Show the plot

plt.show ()

# Set a new range for x and p axes
x = np.linspace (-3, 3, 100)

p = np.linspace(-3, 3, 100)

wmap = qt.wigner_cmap(W0) # Generate Wigner colormap
# Set the normalization range

nrm = mpl.colors.Normalize(-WO.max(), WO.max())

#Create a detailed drawing of the Wegner function with
colored curves

fig=plt.contourf (x,p,W0,200,cmap=cm.Spectral, norm=nrm)
# Add a colorbar
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cbar = plt.colorbar(fig)

# Set labels for x and p axes
plt.xlabel('x"')
plt.ylabel('p")

# Save and download the plot
plt.savefig('ket-0-2.png')
files.download('ket-0-2.png"')
# Show the plot

plt.show ()
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# Define system parameters

dim=30

kappa=1.0

Omega=10**-2*kappa
hbar=1.056%10%*x-34
Kb=1.380649*10%*-23

T=10**-3*kappa
nth=(np.exp(hbar*0mega/Kb/T) -1) **-1

# Create the destruction operator
b=qt.destroy(dim)

# Define time range and number of points

ti=0.0

t£=20.0/kappa

Nt=10%%2

t=np.linspace (ti,tf,Nt)

# Initialize fidelity array

fid_1 = np.zeros(Nt)

# Define the Hamiltonian

H=0%*b

# Create the initial thermal state

rho_O0 = gt.thermal_dm(dim, nth)

# Solve the master equation

result_ideal = qt.mesolve(H, rho_O0, t, [np.sqrt(kappa) * bl)
# Define the ket state

ket0 =qt.ket2dm(qt.basis(dim,0))

# Calculate fidelity at each time point

for j in range (Nt):

fid_1[j] = qt.fidelity(result_ideal.states[j], ketO)
#plot Exol

# Plot fidelity as a function of time

plt.figure ()

plt.plot(t,fid_1)

plt.xlabel('Time")

plt.ylabel('Fidelity"')
plt.savefig('Fidelity-Exol.png')
files.download('Fidelity-Exol.png')

plt.show ()

# Find the time when fidelity exceeds a threshold

# Set the desired threshold value

threshold = 0.999

# Find the index of the first element in the fid_1 array
that exceeds or equals the threshold

index_threshold = np.argmax(fid_1 >= threshold)

# Retrieve the corresponding time value from the t array
using the index_threshold

time_threshold = t[index_threshold]

# Print the time when fidelity exceeds the threshold
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print ("Time when Fidelity exceeds", threshold, ":",
time_threshold)

LWy danally 2l5l OV 3K 12

G op hols 4 2 U s @ s o plitl Bl AU Clas 201 Vs bk
CE U 3 d e W s f R L Ol S el qristeadystate Al el
sl ey qtwigner dll> plasal 5+ wigd 4 2541 3 oy s U BB 6 dls s
s 15 wigd.max() 80 (I Sl pe ¢ pltecontourf Hls plael 06 3 RN

» wig3.min ()

iz oy e G G o)) Ly contourf GLI) blest) danly o8 AL ooy L8 5
il 3 LI o)l Ly plot-surface NIRNIENC] o) sl b lls ooy A 2 5
trapz (5| S84l ¢l negativity Ll ad ol 2l o5t 3 dny wai 2
. print dauly deddl (2 & o5t N3 dny ¢ wigl s dls e

Flathl ladl doy 3ad 5 b U G o gl 5 b pdbl S50 L F S S
L}t}-y (-Ja'aj A (g1,82,83,g4,g5kappa) OMalall 0 didall L o K« (dim) & s
A Bk duis Il £ e f 3 Gl

# dimension of Hilbert space
dim=100

# destruction operator

s b=qt.destroy (dim)

# parameters

s g1=1.0

g2=3.0%g1/7.0
g3=np.sqrt(2.0)*(-1.0+13j)/7.0*gl
g4=np.sqrt (2.0) *(1.0+13j)/7.0%*gl
gb=(g3+g4) /2.0

kappa=1.0

- # £ operator

f=gl*b+g2*b.dag() +g3*b**2+gd*b.dag () **2+g5*(b*b.dag () +b.dag() *b)

# find the steady state
rho_s=qt.steadystate (0xb, [f])



# Create a set of serial numbers
x=np.linspace (-x0,x0,N)
p=np.linspace (-p0,pO,N)

# wigner function
wig3=qt.wigner (rho_s,x,p)

# Generate Wigner colormap

fig, ax = plt.subplots(l, 1)
pltil=ax.contourf (x, p, wig3, 100)
fig.colorbar(pltl, ax=ax)
plt.savefig('wigner of state x-1.png')
files.download('wigner of state x-1.png')

¢ plt.show()

X, P = np.meshgrid(x, p)

fig = plt.figure()

ax = fig.add_subplot (111, projection='3d"')
ax.plot_surface(X, P, wig3, cmap='jet')
ax.set_xlabel('x"')

s ax.set_ylabel('p')

plt.savefig('wigner of state x-2.png')
files.download('wigner of state x-2.png')
plt.show ()

print (wig3.max())

print (wig3.min())

# negativity

negativity =1- np.trapz(np.trapz(np.abs(wig3), p, axis=0), x)

# negativity =1- sp.integrate.simps(sp.integrate.simps(np.abs(
wigl), x, axis=0), p)

s print ("negativity:", negativity)
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Iy o8 e RS :L8Y numpy.meshgrid = Ll 3 46 1) 40 - NG .12
5> 8 o 2 LY numpy.meshgrid 1) gl g 46 340 oo a1
é\:ﬂ\ Jx sl ¥ gle G s sty plt.contourf S-\.\é::.w\ f"‘i;“' W d:\m; o, 4
Olye Bls| F13 fig.colorbar c\-\é::mlg fw)‘ SOV Ly 2 sls] é Ol r\-\é;:m}{
I Gy ypletl Tad aup o

. plt.show (‘\“\"”:"'“L. SW! fw)\ U2 & 48 bl 3 .13

# dimension of Hilbert space
dim = 50

# destruction operator
b = qt.destroy(dim)

# Define the coefficients for f
gl =1.0
g2 = 3.0 x g1 / 7.0

g3 = np.sqrt(2.0) * (-1.0 + 1j) / 7.0 * gl
g4 = np.sqrt(2.0) * (1.0 + 1) / 7.0 *x gl
gh = (g3 + g4) / 2.0

kappa = 1.0 # Define kappa value
Omega = 10%*6

hbar = 1.056 * 10%*-34

Kb = 1.380649 * 10%*-23

 T_i=10%%-6

T £=10%%*-3
N_T=20
T=np.linspace(T_i,T_£f,N_T) # Multiple T values

; gamma_i=0.0
+ gamma_f=10%*-3

N_gamma=20
s gamma=np.linspace(gamma_i,gamma_f ,N_gamma) # Multiple gamma
values
fidelities = np.zeros([N_T,N_gammal])# Zero matrix

s # loop repetition

for i in range(N_T):

for j in range(N_gamma) :

nth = (np.exp(hbar * Omega / Kb / T[i]) - 1)#**-1 # Define nth
value

#Definition of Operators

f =gl xb + g2 x b.dag() + g3 * bx*x2 + g4 *x b.dag()**2 + g5 * (
b*b.dag() + b.dag()*b)

rho_s = qt.steadystate(0 * b, [np.sqrt(kappa) * £])

rho_th = qt.steadystate(0 * b, [np.sqrt(kappa) * f, np.sqrt(
gamma[j] * (nth + 1)) * b, np.sqrt(gammal[j] * nth) * b.dag()
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# Calculating Fidelity between States rho_s and rho_th and

Storing the Result in the Fidelities Array
fidelities[i,jl=qt.fidelity(rho_s, rho_th)

print ('progress: %2.0f' % ((i+1)/N_T%*100))
X, Y = np.meshgrid(T, gamma)
fig,ax=plt.subplots(1,1)

cp = ax.contourf(X, Y, fidelities,100)
fig.colorbar(cp) # Add a colorbar to a plot
ax.set_title('Fidelity Plot')

ax.set_xlabel ('Temperature T')
ax.set_ylabel ('gamma')

plt.show ()
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The energy states basis
Isolated quantum systems
Open quantum systems
Composite systems
Quantum entanglement

The tensor product

Thermal states

Energy eigenstate

The quantum state

Mixed state

Steady state

Pure state

Negativity

quanta mean-value

The phase space

The eigenvalues of the quadratures
The eigenvalue

Mean value

The probability density
Master equation

Classical harmonic oscillator
Quantum harmonic oscillator
Fidelity

Vibration frequency
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Normalization coefficient
Cubic phase state
Vacuum state

Gaussian state
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The wave function
Wigner Function

State vector
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