SHO Vacuum Entanglement Solutions Report

TPBench.org
Generated on: 2025-02-19 15:54:20

Contents
[L  Grade Distribution Analysis| 2
L1 Auto-Verification Results| . . . . . . . . ..o o 2
[L2_Overall Grade Distribufionl . . . . ... ... ... ... . ... ... . . 2
1.3 Grade Distribution by Solution Model| . . . . . . ... ... 2
[1.4  Grade-Verification Correlation Analysis| . . . . . . . . ... ... 2
[2__Problem SHO Vacuum Entanglement, Difficulty level: 4| 4
PI Expert Solution]. . . . . . v o e e e 4
22 Model Solutions . . . . . . . . 9
221 Modeli o3-minil . . . .. .. . 9
2.2.2  Model: deepseek-ai/DeepSeek-RI|. . . . ... ... ... oL oL 24
2.2.3  Model: meta-llama/Meta-Llama-3.1-70B-Instruct| . . . . .. ... ... ... .. ..... 28
2.2.4  Model: Qwen/Qwen2.5-72B-Instruct{. . . . . ... ... L Lo 38
P25 Model: meta-llama/ Meta-Llama-3.1-8B-Instruct|. . . .. ........... ... ... 47
2.2.6 Model: Qwen/Qwen2.5-7B-Instruct| . . ... ... .. ... .. L oL 56
2.2.7 Model: Qwen/QwQ-32B-Preview|. . . . . . . ... .. 63
2.2.8 Model: chatgpt-do-latest| . . . . . .. .. . 81
229 Model oIl . . . ..ot 92
[2.2.10 Model: deepseek-ai/DeepSeek-V3|. . . . . .. ... o 103




1 Grade Distribution Analysis

1.1 Auto-Verification Results

Model Correct | Incorrect | Unknown | Success Rate
meta-llama/Meta-Llama-3.1-70B-Instruct 0 ) 0 0.0%
Qwen/Qwen2.5-72B-Instruct 0 5 0 0.0%
meta-llama/Meta-Llama-3.1-8B-Instruct 0 5 0 0.0%
Qwen/Qwen2.5-7B-Instruct 0 5 0 0.0%
Qwen/QwQ-32B-Preview 0 5 0 0.0%
chatgpt-4o-latest 0 5 0 0.0%
03-mini 5 0 0 100.0%
ol 0 5 0 0.0%
deepseek-ai/DeepSeek-V3 0 5 0 0.0%
deepseek-ai/DeepSeek-R1 4 1 0 80.0%
Note: Success Rate = Correct / (Correct + Incorrect) 100%
1.2 Overall Grade Distribution
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1.3 Grade Distribution by Solution Model

Model A|B|C| D| Total
meta-llama/Meta-Llama-3.1-70B-Instruct | 0 | 1 | 3 | 1 5
Qwen/Qwen2.5-72B-Instruct 00|14 5
meta-llama/Meta-Llama-3.1-8B-Instruct | 0 | 0 | 0 | 5 5
Qwen/Qwen2.5-7B-Instruct 00|14 5
Qwen/QwQ-32B-Preview 0[0]|510 5
chatgpt-4o-latest 0|0]|5]|0 5
03-mini 510|010 5
ol 510|010 5
deepseek-ai/DeepSeek-V3 01|40 5
deepseek-ai/DeepSeek-R1 00|41 5
1.4 Grade-Verification Correlation Analysis

Grade Correct Incorrect Unknown | Total

A 5 (50.0%) | 5 (50.0%) | 0(0.0%) | 10

B 0 (0.0%) | 2(100.0%) | 0(0.0%) | 2

C 4(17.4%) | 19 (82.6%) | 0 (0.0%) | 23

D 0 (0.0%) | 15 (100.0%) | 0 (0.0%) | 15

Total | 9 (18.0%) | 41 (82.0%) | 0 (0.0%) | 50




Note: Percentages in parentheses show the distribution of verification results within each grade.
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2 Problem SHO Vacuum Entanglement, Difficulty level: 4

Problem Text:
Consider a coupled simple harmonic oscillator governed by the Hamiltonian

21 (p , 2) . (z1-x2)
H = —| = +kx; -_— 1
pHERE IS )

If the ground state is |[©2) and the operator p is the vacuum density matrix partially traced over the |w)s,
components (satisfying Z2|w)z, = w|w)a, ), i.e.

p= [ ot [ aot [ dw(lo])e o1 (@1® zaful) (IR0 (J2h)er @ w)es o (a1]) @
which is an operator acting on a reduced Hilbert space, compute
§=-Trs, [plnp] (3)

which involves the trace over x1 states.

2.1 Expert Solution

Detailed Steps: Diagonalize the original Hamiltonian

k+g

5 ~3 z1
—a T
H=(z1 22 p1 p2)| 2 2 4 (4)
o p1
3m P2
One easily finds
Y1ty
X1 = 5
. ®)
@y = L8 (6)

V2

diagonalizes the Hamiltonian such that in the (y1,y2,¢1 = my1,q2 = my2) basis, it is

5 0 Y
0 k4
H=(y1 v2 @ ) 279 vl (7)
2m 1 @
m g2

The ladder operators are

1 P
. - i+ . 8
a; 5 (\/mwjyj \/m_quj) (8)
k k+2
wi= = Wi (9)
m m
which allows one to rewrite the Hamiltonian as
2
H = Z a;ajwj pLLrez (10)
j=1 2
In this basis, we denote the ground state as
a1]00)5, = 0 = a2|00)s, . (11)

Hence we have found |Q) = [00)7, . We know that the wave function in the 3 coordinates is the product of
well known simple harmonic oscillator solutions:

ro _ (yi)Q — (yé)z
o, pal0iay = (7rbf)1/4 exp[ 2b? (Wb§)1/4 P 203 (12)



where

1
by = (13)
mwn,
making this a convenient basis to work with. Note
01 (lo),, ®1b),,) = [ dyidyiinlvina)uivil(lo),, b))

:fdyldyle‘y1y2><y1y2|(|a>x1®|b)x2)

/ dxdzyy; |x'1)zl ® |m'2)12) ( o {21 ® zz(x'2|) (|a>zl ® |b)$2)
a+b

=7 (la),, ®Ib),,)

where we used the completeness of the basis, Egs. (5] and @, and the usual delta function normalization of
the position basis. This and a similar relation for g2 imply

a+b a-b
a) ey =12 272). 14
o), 8, = |22 222) 11
This means
2 ’ 2
$1+'LU Qfl—w
/ Titw x]-w 1 —<\/§) 1 —(\/ﬁ)
7,00 (|1)z; ® |W)zs ) = @, (00 R = ex ex . (15
The partial trace is defined through the following contraction of (2,2) tensor to a (1,1) tensor:
p= [ dof [ dat [ dw(ja))er 21 (1] ® o () (100}, 5, (00]) (5 )ar © [w)es o (2])
& 0 2 2" —w 2
:fdx'l'/d:r'lfdw|x'1') (1] L exp _( Ve ) ! exp _( % ) x
T (mbp) 267 | (wb3)" 265
l‘, +w 2 1)’ —w 2
SO i G ) RSO Il ).
(mb3)"* 20| () 265
Integrate over w, we find
. 1 1 m 712 At
= fd{E fd$1|$ T 931 |( b2)1/2 ( b2)1/2 p[*z (OLJI +0L)2)([l'1] i [ZEl] )] X
\/ 21 (\/? \/@) ( 1+~T 2
m w1 +ws] 0 v )
1 1
fdwlfdwllwl @1 a1 I( Y (r12)
NG m(wz - w1)?2zi 2] —m [Swiws + (w1 - w2)?] ([m'l]2 + [m'l']2>
exp
m[w1 +w2] 8(0.11 +UJ2)
Next, to identify the matrix, use
m(wz - wi)?2zi 2] —m [Swiws + (w1 - w2)?] ([az'l]2 + [x'l']Q) 1 o 2 (@2—ew1)? , &
=—-— ([a:l] + [xl] ) —2—=117
8(w1 +w2) 2b2 v
(16)
v = 8wiwsz + (w1 — w2)2 (7)
1 my
— =" 18
2b2 8(0.11 +w2) ( )



w1 + w2
=2 1
b \/m[8w1w2 + (w1 - w2)?] (19)

to write
1 1
fdl?1 fdl‘l|1’1 T :c1 |( b2)1/2( 62)1/2
V27T 1 ’ ” w2 — W 2 r o
—ﬁ([x1:|2+[x1:|2):|exp (2’7%(131131 . (2())

————exp [
m w1 +wa]
Change basis to energy with a new effective frequency

by = —— (21)
mws

p =2 [v){vlpln)(n| (22)

nv

1
(o) = [ da [ daolod )y o (i) e b2)1,2 e

__ v ] exp [-% ([33'1]2 + [1'11’]2)] exp (7((02;;1) m'lm'{) (23)

m w1 +wa

where

’(1,1 )2 ’
1
(@h|n) = ——e % H, (ﬂ) (24)
nlbs ﬁQn
are the well known oscillator wave functions and b3 still has to be chosen. One can show by carrying out the
integrals that the matrix is diagonalized if

b
bz = i
/4
(wa—w1)? 2
(1_b4[ EC ] )
1
\/_w1/4 /4"
This gives
(v]fIn) = Andon
where
n-1
2 ( w )
N 1 1 be A

1/2 jp e
Vo] @) @) 1 [ e T

(wp-w1)? nt

T/m 1 1 (w2 —w1)? ( B en =)
)3/2

2o vl (D' D () (5 41 B

b2
where we used

b3 (wz wl) \/_
. 3/2
(1+\/1_b4((w2;b‘;1) ) )
m (w2 —w1)2\/27r

3/2
4(U)1 +UJ2) (b2 + bz)

mi1 =




(3) - :
b mwi/Qwé/Q 4 witwa

m[8wiwy+(wi-w2)?]
B 1 Swiws + (w1 — w2)?
w}pw;p 4 (w1 +w2)

Simplify:

A 4\ /W1W?2

(w2 —w1)®

1/2 1/2

\/8w1w2+(w1—w2)2+4wi/2w;/2(w1+cg)2)(8W1w2+(wlW2)2+W1 Wo 4(W1+W2))

__ Aews 2[ (w1 —w2)® 4]71.
(Vw1 + w2)” L (Vwr +/w2)

Since we want to evaluate
~Tr[plnp] = =0 Intrp"|n-1

we compute

FElesl])
[Tl )
e -]

=nln

nln

Hence, we arrive at

(w1-wp)? (w1-ws)?
S-- m[ i ]_ [(m+m)“]ln[<m+m>‘*]
(\/w1+\/w2)2 (1_[ (w1—w2)24:|)
(VoT+/@3)

where

| k [k +2g
w1 = S w2 = b
m m

Final Answer:

o ln((\/i—:/fl_jo%f)(4¢QTLS:J(Q;§12\/@)2)IH((\§Z_:%)4)

where

| k [k +2g
w1 = —_— wa = b
m m

(25)

(26)

(28)

Answer Requirements: Provide the answer in the form of the python code. Implement the following

function

def entropy(k:float,g:float,m:float)->float:
pass

Code Implementation:



def

from math import sqrt, log
entropy(k:float,g:float ,m:float)->float:

w_1l =
w_2 =
expr_1
expr_2
expr_3
return

sqrt (k/m)
sqrt ((k+2*g) /m)

4xsqrt(w_1*w_2)
(sqrt(w_1)+sqrt(w_2)) **2
(W_2-w_1) **2

log(expr_1/expr_2)-(expr_3/expr_1/expr_2)+*log(expr_3/expr_2**2)




2.2 Model Solutions
2.2.1 Model: 03-mini
Attempt 1 (2025-02-02T05:47:06.7435597Z)

Detailed Solution:
Step 1. Diagonalize the Hamiltonian

We start with the Hamiltonian for two coupled oscillators (we set h = 1 throughout)
2 1 ?
H:;i %+kxf +g(x1—m2)2.

It is convenient to introduce the normal (centerofmass and relative) coordinates

T + T2 Tl — T2
X = , Y= ,
V2 V2

with the inverse
_X+Y X-Y

1= —Fr—"»
1 \/§

Using the orthogonality of this transformation one finds
wi+as=X2+Y? | (3 -m)P=2Y2.
Thus the potential energy becomes
%k(ﬁ +23)+ (@1 - 22)° = %kX2 . %(k +29)Y2.
Similarly the kinetic energy (by the same orthogonal transformation) separates:

2 2
7o Px Py
2m  2m

Thus the Hamiltonian decouples into two harmonic oscillators with frequencies

[ k [k +2g
wx = — s wy = —
m m

In the ground state the wave function factorizes:

U(X,Y) o exp[—%)(z _ ey YQ]

2

Step 2. Compute the Reduced Covariance Matrix for Oscillator 1

The reduced density matrix p is obtained by tracing over the x2 (or equivalently, over V) degree of freedom.
Since the full state is Gaussian the reduced state will also be Gaussian and is completely characterized by its
covariance matrix. We now compute the variances for the x; degree of freedom.

Since

_X+Y

\/i ’

Z1

we have |
(a?) = 5 ((X*) +(¥%).

For a harmonic oscillator with Hamiltonian

its ground state yields



Thus, for the normal modes we have:

<X2): 1 _ 1 <Y2>: 1 _ 1
2mwx  XNmk 2mwy QM

Therefore,

WL, 1 Y 1
) 2/mk 2 m(k + 2g) 4 Vmk vVm(k +2g) ’

Similarly, writing the momentum in the z; coordinate as

bx +py

\/5 )

we have

2 2 2 4

%) = = (%) + (%)) = 1(m+ Vm(’;”g)) = 3 (Vimk + /m(k+ 29)) .

Notice that the reduced state (being mixed) is characterized by the quantity

Using our results we find

2,/ 2 1 1 1
(z1){p1) = m(m+ m)(\/ﬁ+ \/m(k+2g)) .

Multiplying out the terms gives

2,2y L k+2g k 1 \/k+2g k
(‘”1><p1>‘16[“\/ k +\/k+2g+1]_16[2+ P Vi)

Thus, the symplectic eigenvalue of the onemode reduced state is

1 k+2g k
==v\|2+4/ \/ .
v 4\‘ VT Vi

(Notice that the mass m cancels out so that v and hence the entropy depends only on the ratio between g

and k.)

Step 3. Compute the Von Neumann (Entanglement) Entropy

For any onemode Gaussian state the von Neumann entropy may be written in terms of its symplectic eigen-

value v as (see, e.g., Ref. [1])

S=-Tr(plnp) = (1/+%)ln(1/+%)—(V—%)ln(u—%) .

Thus, substituting our expression for v we obtain our final symbolic answer:

1 k+2g k 1 1 k+2g k 1 1 \/k:+2g
=|-1|2 = | =v|2 “1-1=\]2
s 4\' +\/ % +\/1<;+2g+2 o 4\} +\/ % +\/k+2g+2 4\J VR

g

k 1

k+2g 2

In

1

4

e

Step 4. Python Code Implementation

Below is the complete Python code implementing the function

import math

def entropy(k: float, g: float, m: float) -> float:

nwnn

Compute the entanglement (von Neumann) entropy S for omne oscillator
in a system of two coupled harmonic oscillators with Hamiltonian

10



H = sum_{i=1}"{2} 1/2*( p_i~2/m + k*x_i"2 ) + g/2*(x_1 - x_2)"2,
after tracing over one oscillator.

The entropy is given by
S = ( + 1/2)*1n( + 1/2) - ( - 1/2)*1n( - 1/2),
where
= (1/4)*sqrt (2 + sqrt ((k+2g)/k) + sqrt(k/(k+2g))).

Note: In the derivation the mass cancels, so S is independent of m, but we
include m for completeness.

Parameters:
k (float): the spring constant of each individual oscillator.
g (float): the coupling constant.
m (float): the mass (will cancel out).

Returns:
float: the entanglement entropy (in nats).
nnn
# To avoid division by zero, we check that k>0 and (k+2g)>0.
if k <= 0 or (k + 2 * g) <= 0:
raise ("k and k+2g must be positive.")

# Compute the ratios that appear in the symplectic eigenvalue
r = math.sqrt((k + 2xg) / k) # sqrt ((k+2g)/k)

# Compute the symplectic eigenvalue
nu = (1/4) * math.sqrt(2 + r + 1/r)

# Compute the two terms:
terml = nu + 0.5
term2 = nu - 0.5

# In the limit of no coupling (g=0) we have nu=1/2 so that term2 becomes zero.
# We take the convention 0%1n(0)=0.
S = terml * math.log(terml)
if term2 > 0:
S -= term2 * math.log(term2)
return S

For example, one may test the function as follows
if __name__ == "__main__":
k =1.0 # spring constant
g = 0.3 # coupling
m = 1.0 # mass
print ("Entanglement Entropy S =", entropy(k, g, m))

Final Answer: S:1 2+\/k+29+ 5 +1 ln1 2+\/k+2g+ b +1—l 2+\/
4 k k+2g 2 4 k k+2g 2 4

Final Answer: S as given above.
Verification Results:

Auto verification result ([’2025-02-18T05:49:52.070986+-00:00’]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:39.435568Z) Grade: A

Notes: The submitted solution correctly diagonalizes the Hamiltonian using normal coordinates and computes
the entanglement entropy for one of the oscillators. The approach is consistent with the standard solution,
which involves finding the symplectic eigenvalue and using it to calculate the von Neumann entropy. The final

11

k+2g . k
k k+2g



expression for the entropy is different in form but equivalent to the standard solution, as both are derived from
the same physical principles and mathematical transformations. The Python code implementation further
supports the correctness of the solution by providing a computational method to verify the result.

Attempt 2 (2025-02-02T05:48:29.1620217)

Detailed Solution: Below is one acceptable solution. We start with the Hamiltonian for two coupled
oscillators

21 (pi 2\, 9 >
H=) —|= +kaj |+ Z(z1 - .
i; g\, the 5 (x1 —z2)
A very useful method is to change to normalmode coordinates. Define
.’ElJrZIJQ7 Y:LE1*.II27
V2 V2

X =

so that the inverse transformation is

1 1
I1=E(X+Y), $2=E(X—Y).

In these coordinates the potential becomes

1 1
V= ikxf + §kx§ + g(xl —m2)2

BH[ELI 010 £ 0 TV

1
= Ek(XQ +Y?) +gY?
1 2 1 2
=—kX"+-(k+29)Y".
> 5 (k +29)
Thus the normal mode frequencies are

k k+2g
wx =\/ —, wy =1/ .
m m

The ground state is a product state of the two independent oscillators (in the X,Y coordinates). In the
ground state for a onedimensional oscillator (with & = 1) we have

(@)=, (Y=

mw
2mw

2
Expressing ; in terms of X and Y (namely, z; = (X + Y)/\/2) one easily shows that

(o) = ;(<X2> : <Y2>) - 4;(; : wly)

and, similarly, since

we have

Thus the product is

wx wy

(@3)(pi) = 116(1 + 1)(wx +0Jy) = % (2+ @ . “’j) .

12



A onemode Gaussian state is completely characterized by the Williamson eigenvalue (or symplectic eigenvalue)
which may be taken as

Vsymp = (xﬂ(p%) .

wy _ (k+2g)/m_ [k +2g

W k/m B ko’

1 [k+2g [ k
z/symp4\12+ i + k29"

Now, when one traces over the z2 degrees of freedom the reduced density matrix p (acting on the x; Hilbert
space) is a Gaussian (mixed) state whose von Neumann entropy (i.e. the entanglement entropy) is given by

a1 A 1 1 1 1
S =-Trs, [p In p] = (usymp + 2) ln(zlsymp + 2) - (Vsymp = 2) ln(usymp = 2) .

Thus the final answer in symbolic form is

1 k+2g k1) (1 k+2g 1) (1 k+2g k1) (1
=[] 2+4/ \/ L IN BN ETRY. \/ -3l 2+4/ ~ [ A2
o 4\' VTk "VEe2g 2" 4\J VTk Vi 2 4\} Vk "Vke2g 202\

Notice that (when using units in which A = 1) the mass m cancels out of the final answer because it drops
out from the ratio of normalmode frequencies.

Below is the Python code which implements a function that takes k, g and m as inputs and returns S
according to the above formula.

Hence, introducing

and its reciprocal, we find

import math

def entropy(k: float, g: float, m: float) -> float:
# We work in units with = 1.
# The two normal mode frequencies are:
omega_X = math.sqrt(k / m)
omega_Y = math.sqrt((k + 2 * g) / m)
# Their ratio (the mass m cancels in the ratio):
ratio = math.sqrt((k + 2 * g) / k) # = omega_Y/omega_X

# Compute the symplectic eigenvalue:
nu_symp = 0.25 * math.sqrt(2 + ratio + 1/ratio)

# The entanglement (von Neumann) entropy for a one-mode Gaussian state is:
terml = (nu_symp + 0.5) * math.log(nu_symp + 0.5)

term2 = (nu_symp - 0.5) * math.log(nu_symp - 0.5) if nu_symp > 0.5 else 0.0
S = terml - term2

return S

Example usage:

if __name__ == ’__main__":
# Set some example parameters:
k=1.0
g = 0.5
m = 1.0
print ("Entanglement Entropy S =", entropy(k, g, m))

Final Answer:

13



1 k+2g k 1 1 k+2g k 1 1 k+2g k 1 1 \/
=[=1\]2 = S =R B = N ) = =12
o 4\} V& Vi 2 n4\} VTk "Vei2g 2 4\J Vok "Vre2g 22N

Verification Results:

Auto verification result (['2025-02-18T05:49:52.071624400:00’]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:45.978316Z) Grade: A
k+2g

Notes: The submitted solution correctly identifies the normal mode frequencies as wx = \/g and wy =4/ =>%,
which matches the standard solution. The transformation to normal-mode coordinates and the calculation of
the symplectic eigenvalue vsymp are correctly performed. The final expression for the entanglement entropy
S is derived using the symplectic eigenvalue and matches the expected form for a Gaussian state. The
approach is valid and the solution is physically equivalent to the standard solution, demonstrating a correct
understanding of the problem.

Attempt 3 (2025-02-02T05:49:34.160218Z)

Detailed Solution: Below is one complete solution. We start with the Hamiltonian

21 (p} 2\, 9 2
H=) —| = +kxj | +=(z1 - ,
2; 2 \m HHEE ) 5@ -2
which, after writing the last term as

%(wl —552)2 = %(x% — 2122 +$§),
may be recast as

2

A standard way to decouple this Hamiltonian is to introduce the normal mode coordinates

1[p? p3] 1
H = |:p1+p2:|+[(k+g)(m%+x§)—29m1x2],
m m 2

T+ T2 T1 — T2
X = , Y = ,
V2 V2
with the inverse relations
X+Y X-Y
xr1 = 5 T2 = o

V2
A short calculation shows that
1
2+t =X2+Y? fEleQ:Q(X2—Y2).
Thus the potential energy becomes
X?-Y?

2
Also, the kinetic energy separates in the same way. Therefore the Hamiltonian is

%[(k+g)(X2+Y2)—2g ]:%[kxﬂ(ng)yﬂ.

1 5 2 1 2 1 2
H=—(Px+P — kX" +-(k+29)Y
2m( x t Y)+2 +2( +29)Y",

[ k [k +2g
wx = —, wy = —
m m

14
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The ground state is a product of two Gaussians (one for each normal mode). However, our goal is to find the
entropy of the reduced density matrix

p =Trg, |Q>(Q|
obtained by tracing over the x2 (or equivalently Y) part. In Gaussian states the reduced density matrix is
itself Gaussian and may be characterized by its covariance matrix. In particular, one may show that the
entanglement (von Neumann) entropy is given in terms of the socalled symplectic eigenvalue v of the reduced
covariance matrix by

S=-Tr[plnp] = (u+%)ln(u+%)—(u—%)ln(y—%).

We now determine v. Write x1 in terms of the normal modes as

S X+Y

1 \/§ )

so that
(a) = £ ((x%) + (v%).

2

For the ground state of a harmonic oscillator we have
2 1 2 1
(X =, (Y2
mwx 2mwy

Thus,
2 1,1 1
=—(—+—).
() 4m(wx wy)
Similarly, for the momentum operator we have
_ PX ar Py

V2

It is convenient to form the product

(92) = 7 (meox + oy ) = 2 (wox + ).

P1

2y, 2y 11 1
<xl><p1>—E(E+E)(mwx+mwy).
Defining
A=vVmk and B=\/m(k+2g),
note that
[k A k+29 B
wx = == = wy = — 8 —
m m m m

Then one finds

(93%)(193):%[(%+%)(A+B)]:%(2+%+§).

A_ k B_ [kE+2g
B\ k+2¢g’ A P
2 2 1 k k+2g
=—|2 ;
(@1) (p1) 16( "Viee2g 'V &

It is standard to define the symplectic eigenvalue as

But

so that

WAL k k+2g
V:\/<x1)(p1>—4\‘2+\/k+2g+\/ E

Then the entanglement entropy is

15



with

so that

S=(m+1)In(n+1)-nlnn.

This is our final symbolic answer.
We now provide the complete Python implementation. Note that the function

entropy(k:float, g:float, m:float)->float

computes the entropy S from the parameters k, g, and m.
Below is the full Python code:

import math

def entropy(k: float, g: float, m: float) -> float:

nwnn

Compute the entanglement entropy S for the reduced density matrix of a two
coupled

simple harmonic oscillators with Hamiltonian

H = 1/2 * [p1~2/m + p2~2/m] + 1/2 * k*(x172+x272) + 1/2 * gx(x1-x2)72.

The entanglement entropy is given by
s = ( +1/2) 1n( +1/2) - ( -1/2) 1In( -1/2),
where
= (1/4) * sqrt[2 + sqrt(k/(k+2g)) + sqrt((k+2g)/k)].

Parameters:
k (float): the spring constant of the individual oscillators
g (float): the coupling constant between the oscillators
m (float): the mass of each oscillator

Returns:
float: the entanglement entropy S
nmnn
# We assume k > 0, m > O and k+2g > 0 for stability.
# Compute the symplectic eigenvalue
# Note: m cancels out in the expression for so that it depends only on k and g

nu = 0.25 * math.sqrt(2 + math.sqrt(k/(k+2*g)) + math.sqrt((k+2*xg)/k))

# Compute the two terms needed.

terml = nu + 0.5

term2 = nu - 0.5

# In the limit of zero entanglement (g=0) one finds term2 -> 0, and 0xlog(0) is
defined to be 0.

# Here we simply rely on the fact that when g = 0, term2 is 0 and S = O.

# For numerical purposes, one might want to add a small epsilon if needed.

S = terml * math.log(terml) - term2 * math.log(term2) if term2 > 0 else 0.0

return S

Example usage:

if

__name__ == "__main__":

# Provide some example parameters:

k_example = 1.0 # spring constant

g_example = 0.5 # coupling constant

m_example = 1.0 # mass

print ("Entropy S =", entropy(k_example, g_example, m_example))
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Final Answer:

S = 1+1 2+ i +\/k+29 In l+1 2+ i +\/k+2g—1 2+ i +\/k+29—11n1 2+4/-
2 4 k +2g k 2 4 k+2¢g k 4 k+2g k 2 4 ]

Verification Results:

Auto verification result (['2025-02-18T05:49:52.072277+00:00"]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:52.617011Z) Grade: A

Notes: The submitted solution correctly diagonalizes the Hamiltonian using normal mode coordinates and
derives the entanglement entropy in terms of the symplectic eigenvalue v. The approach is consistent with
the standard solution, which also involves diagonalizing the Hamiltonian and calculating the entropy from
the reduced density matrix. The final expression for the entropy S in the submitted solution is equivalent
to the standard solution’s expression, albeit in a different form. The Python implementation provided is a
correct numerical method to compute the entropy given the parameters k, g, and m. Overall, the solution
demonstrates a clear understanding of the problem and provides a valid alternative method to reach the same
physical result.

Attempt 4 (2025-02-02T05:50:30.2655817)
Detailed Solution: We start with the Hamiltonian for two coupled harmonic oscillators,
2 1/p; 2\, 9 2
Higi(a"'kxi)*'g(xl—fEQ) .

A useful first step is to introduce the normal mode coordinates

T+ T2 T1 — T2
X = , Y =
V2 V2
with the corresponding momenta
p1+p2 P1— P2
Px = Py = .

V2 V2

In these coordinates the Hamiltonian becomes

H-=
2

im(P;% + P{i) + %[kXQ +(k+ 2g)Y2].

Thus the two normal modes have frequencies

[ k [k +2g
wx = = wy = o
m m

Because the Hamiltonian is quadratic the ground state is a Gaussian |Q2) = |0x ) ® [0y ). Its covariance matrix
is diagonal in the normal mode coordinates with

L (py-

(PR) =5, (¥9)

1
(X*) = 5, ==
2mwx

2mwy

We wish to trace over the z2 (or equivalently the Y mode) to obtain the reduced density matrix 4 for oscillator
z1. In the coordinate basis the xjoperators are obtained from

_X+Y

\/5 ’

_Px+Py

V2

Z1 p1
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Thus,
2, 1 2 2.} _ 1 1 1
(301)—5(()( ) +(Y ))—@(;Jr;)
and .
2, 1 2 2,\_m
(p1) = 2(<Px>+ (Py)) ol (wx +wY).
Their product is

(@8 00 = (s v )( v )= (20 21 80

For a single mode Gaussian state the von Neumann entropy (with A = 1) can be written in terms of the
symplectic eigenvalue v of its covariance matrix. In our case (where the reduced state is mixed) we define

1
v= Vbl = 7\ /2+ o T
4 wx Wy

Note that when g = 0 the frequencies coincide and we have
1 1
V= 1\/2+1+1:§,

and the entropy will vanish since the state is pure.

Now, using
wy k+2g wx k
XY/ d X -,/ ,
wx k an wy k+2g
1/=1 2+\/k+2g+ i .
4 k k+2g

The von Neumann (entanglement) entropy for a onemode Gaussian state is given by

we find

S=-Tr(plnp) = (1/+%)ln(y+%)—(V—%)IH(V—%).

Thus our final symbolic answer is:

11 k+2g k 11 k+2g k 1 k+2g k1) (1
==+ 324|244/ v/ |z +-\|2+1/ \/ >l 2++/ g I
Sk, g,m) 2+4\J V7, "Viezg|™ 2+4\J V7 "Vkrzg 4\’ "V "Vkr2g 2) |3

(Remember that m cancels out in the calculation so the entropy depends only on k and g.)

Now we convert this answer into Python code. The function below implements the entropy calculation. (We
take care to avoid problems when the argument of the logarithm vanishes; note that for g = 0 we have v = 1/2
and the corresponding term is taken to be zero by continuity.)

Below is the complete Python code:

import math

def entropy(k: float, g: float, m: float) -> float:
nnn
Compute the entanglement entropy S for the reduced density matrix of one
oscillator
in a system of two coupled harmonic oscillators with Hamiltonian
H=1/2 * [p1~2/m + k x1°2] + 1/2 * [p2~2/m + k x2°2] + g/2 * (x1 - x2)°2.

The entropy is given by

S = (nu + 1/2) log(nu + 1/2) - (nu - 1/2) log(nu - 1/2),
where

nu = (1/4)*sqrt(2 + sqrt((k+2g)/k) + sqrt(k/(k+2g))).

Note that m cancels out in the final expression, but we keep it in the signature.

Parameters:
k (float): spring constant (must be positive)

18



g (float): coupling constant
m (float): mass (included for completeness)

Returns:
float: The entanglement entropy (in natural logarithm units).
if k <= 0:
raise ("The spring constant k must be positive.")

# Compute the ratio terms:

alpha = math.sqrt((k + 2*g) / k) # This is omega_Y / omega_X
# Compute the symplectic eigenvalue nu:

nu = 0.25 * math.sqrt(2 + alpha + 1/alpha)

# Define the two terms:

term_plus = nu + 0.5
term_minus = nu - 0.5
# To handle the pure state case (g = 0) where term_minus is zero,

# we define Oxlog(0) = 0.
entropy_plus = term_plus * math.log(term_plus)
entropy_minus = term_minus * math.log(term_minus) if term_minus > 0 else 0.0

S = entropy_plus - entropy_minus
return S

Example usage:
if __name__ == "__main__":
# choose some values for k, g, and m
k_val = 1.0
g_val = 0.2
m_val = 1.0 # note: m does not affect the result
print ("Entropy S =", entropy(k_val, g_val, m_val))

Final Answer:

11 k+2g k 11 k+2g k 1 k+2g Fo1) (1
243|244/ v/ In| =+ 21| 2+4/ v/ 3244/ Y
Sk, g,m) 2+4\J V& "Viezg)™" 2+4\J V& "Vkrzg 4\J VT Vi 2™ 1)

This result and its implementation in Python satisfy the requirements of the problem.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.072973400:00’]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:59.986950Z) Grade: A

Notes: The submitted solution correctly diagonalizes the Hamiltonian using normal mode coordinates and
computes the von Neumann entropy for the reduced density matrix of one oscillator. The approach is
consistent with the standard solution, which involves finding the symplectic eigenvalue v and using it to
calculate the entropy. The final expression for the entropy is equivalent to the standard solution’s result,
albeit in a different form. The Python implementation accurately reflects the mathematical derivation,
ensuring continuity at g = 0. Overall, the solution demonstrates a thorough understanding of the problem
and provides a valid alternative method to reach the correct result.

Attempt 5 (2025-02-02T05:51:44.6174467Z)

Detailed Solution: We will show that if we start with the Hamiltonian
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then after tracing over the z2 degree of freedom the reduced density matrix p (which describes the state of
oscillator 1) is a singlemode Gaussian state whose von Neumann (or entanglement) entropy is given by

S =-Try, [plnp] = (1/+%)ln(y+%)f(uf%)ln(yfé),

1/:1 2+ i +\/k+29.
4 k+2g k

Below we explain one way to obtain this result.

with

Step 1. Diagonalizing the Hamiltonian via Normal Modes

Define the normal coordinates

Tr1 £ X2 _plipz

NI

Ty =

In these variables the Hamiltonian becomes

1 k
H= o (5 +92) + 5 (2l +23) + L(a1 - 20)”

1 k 2
=%(p3+p%)+§(xi+mg)+g<\/§x_)
=L( e 2)+1[kx2+(k+2 )z’ ]

om P+ +D- B + g)r—| -

Thus the two normal modes have frequencies

k k+2g
we =1/ —, wo=\[——.
m m

Since the ground state of the full Hamiltonian is a product state in the (+,—) coordinates, we have

Uo(zs,2-) = s (+) Y-(2-),

with

1/4
[ mws _mwi 2
wi(zi)—( — ) exp[ o, xi].

Step 2. Forming the Reduced Density Matrix

One is interested in the reduced density matrix obtained by tracing over the z2 (or, equivalently, one of the
modes after an appropriate change of variables). Writing z; in terms of z. as

Ty + X
V2 '
one finds that the reduced state is a Gaussian state with covariance matrix elements (we set A explicitly)

(@) = 3(@h) + 22) = o= (- + )

Adm \wy  w-

X1 =

and, noting that
_ b+ +p-

\/5 )

P1
one obtains

(#3) = 2 o + ).
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Thus the product is

RP,1 1
2 2 L -
i) i) = 15 (5o + o) @ v )
2
:£(2+&+&)
16 wW- Wy

2
:h—(2+ i +\/k+2g)’
16 k+2g k
Wy k w- k+2g
= d =/ —.
w_ k+2g an Wy k

Step 3. The Symplectic Eigenvalue

since

For a onemode Gaussian state the symplectic eigenvalue (which determines the mixedness) is given by

L - \j 2y

k+2g

Note that when g =0 (i.e. when the oscillators are decoupled) one checks that

1
=1\/2+1+1=7

which is the minimum value (corresponding to a pure state) so that the entropy vanishes.

Step 4. The Entanglement (von Neumann) Entropy

For a single-mode Gaussian state (or thermal oscillator state) with symplectic eigenvalue v the von Neumann

entropy is given by
SIE (V+%)ln(u+ %)—(u— %)hl(l/—%).

Thus, our final answer is

3 k+29 1 k+2g k+29 1 In 1 94
- k+29 k+29 k+2g 4 Y

Any answer equivalent to the boxed expression is correct.

Step 5. Python Code

The following Python function implements the above result. Notice that due to the fact that 2+ =/ %Qg,

the parameter m drops out of the final expression.
Below is the complete Python code.

import math

def entropy(k: float, g: float, m: float) -> float:
nnn
Compute the von Neumann (entanglement) entropy S of the reduced density matrix
for a coupled harmonic oscillator system with parameters:
- k: spring constant of the individual oscillators
- g: coupling constant between the oscillators
- m: mass (note: m cancels out in the final formula)

The result is given by:
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s = ( + 1/2)*1n( +1/2) - ( - 1/2)*1n( - 1/2)

where
= (1/4)*sqrt( 2 + sqrt(k/(k+2g)) + sqrt((k+2g)/k) )

For g = 0 the oscillators decouple and the entropy vanishes.
nnn
# Handle the decoupled case
if abs(g) < le-12:
return 0.0

# Compute the ratio factors:
ratio = math.sqrt(k / (k + 2 * g))
inv_ratio = math.sqrt((k + 2 * g) / k)

# Compute the symplectic eigenvalue
nu = 0.25 * math.sqrt(2.0 + ratio + inv_ratio)

# To avoid numerical issues when g is very small (so that nu -> 1/2), check:
terml = nu + 0.5
term2 = nu - 0.5
if term2 < le-12:
return 0.0

# Compute the entropy S:
S = terml * math.log(terml) - term2 * math.log(term2)

return S

Example usage:

if __name__ == ’__main__"’:
# Define some example parameters.
k_val = 1.0
g_val = 0.1
m_val = 1.0 # m will cancel out in the final entropy

S_val = entropy(k_val, g_val, m_val)
print ("The entanglement entropy S is:", S_val)

This code defines the function

entropy(k: float, g: float, m: float) -> float

which returns the entanglement entropy S computed from the above expression.

Final Answer:

1 7 k+2g 1) (1 7 k+2g 1) (1 % k+2g 1) [1
S=| 21|24/ A/ = N NPT \/ =342 \/ ~ 2 m] 2|2
4\' "Virzg "V E 2™ 4\} "Vis2g 'V E "2)7 2N Vre2g 'V E 2)"2\NTYV

Verification Results:

Auto verification result (['2025-02-18T05:49:52.073659+00:00’]) Status: Correct
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:05.888891Z) Grade: A

Notes: The submitted solution correctly diagonalizes the Hamiltonian using normal modes and derives the
reduced density matrix for one of the oscillators. It then calculates the symplectic eigenvalue and uses it to
find the von Neumann entropy of the reduced state. The final expression for the entropy is consistent with
the standard solution, albeit in a different form. Both solutions correctly account for the coupling between
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the oscillators and derive the entropy in terms of the system parameters. The approach and reasoning are
sound, and the final answer is physically equivalent to the standard solution.

23



2.2.2 Model: deepseek-ai/DeepSeek-R1
Attempt 1 (2025-02-08T14:46:25.058037+00:00)

Detailed Solution:

import math

def entropy(k: float, g: float, m: float) -> float:
ratio = 2 * g / k
term = 1 + ratio
sqrt_term = term ** 0.25
inv_sqrt_term = 1.0 / sqrt_term
nu = (sqrt_term + inv_sqrt_term) / 4.0

if nu <= 0.5:
return 0.0

try:

s = (nu + 0.5) * math.log(nu + 0.5) - (nu - 0.5) * math.log(nu - 0.5)

except :

# Handle case where nu - 0.5 is 0 (log(0)), which should return O
return 0.0

return s

Verification Results:

Auto verification result (['2025-02-18T05:49:52.079683+00:00’]) Status: Correct

Evaluations:

Evaluated by gpt-40 (['2025-02-08T21:04:14.102433+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem and attempts to derive the entropy
of a reduced density matrix for a system of coupled harmonic oscillators. However, there are significant issues
in the derivation and understanding of the problem. The solution correctly identifies the need to diagonalize
the Hamiltonian and perform a normal mode transformation, but it fails to correctly compute the symplectic
eigenvalue and the entropy. The solution incorrectly concludes that the entropy is independent of the mass
m, which contradicts the physical dependence of the frequencies on m. The Python code provided attempts
to compute the entropy but does not correctly handle the mathematical expressions derived. The solution
lacks clarity and contains redundant and incorrect steps, leading to an incorrect final result.

Attempt 2 (2025-02-08T14:52:38.053626+00:00)

Detailed Solution:

import math

def entropy(k: float, g: float, m: float) -> float:
gamma = g / k
sqrt_term = math.sqrt(1 + 2 * gamma)
numerator = 1 + sqrt_term
denominator = 2 * (1 + 2 * gamma) ** 0.25
nu = numerator / denominator
# Compute the entropy using the symplectic eigenvalue nu
terml = (nu + 0.5) * math.log(nu + 0.5) if (nu + 0.5) > 0 else O
term2 = (nu - 0.5) * math.log(nu - 0.5) if (nu - 0.5) > 0 else O
S = terml - term2
return $

Verification Results:
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Auto verification result ([2025-02-18T05:49:52.080393+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o ([’2025-02-08T21:04:24.462980+00:00’]) Grade: D

Notes: The submitted solution is fundamentally flawed. The approach taken to compute the entropy of the
reduced density matrix is incorrect. The solution incorrectly assumes that the symplectic eigenvalue v is given
by (w1 + w2)/(2/wiw2), leading to incorrect results, especially when g = 0. The solution fails to recognize
that when g = 0, the oscillators are decoupled, and the reduced state should be pure, resulting in zero entropy.
The Python code provided does not correctly compute the entropy and ignores the parameter m, which is
inconsistent with the problem statement. The solution lacks a correct understanding of the covariance matrix
approach and the symplectic eigenvalue calculation for Gaussian states. Overall, the solution shows little
understanding of the mathematical concepts involved in computing the von Neumann entropy for coupled
harmonic oscillators.

Attempt 3 (2025-02-08T14:56:34.867887-+00:00)

Detailed Solution:

import math

def entropy(k: float, g: float, m: float) -> float:
t = (2 % g) / k
sqrt_term = math.sqrt(1 + t)
numerator = 1 + sqrt_term
denominator = 4 * ((1 + t) #*x 0.25)
nu = numerator / denominator
terml = (nu + 0.5) * math.log(nu + 0.5) if (nu + 0.5) > 0 else 0.0
term2 = (nu - 0.5) * math.log(nu - 0.5) if (nu - 0.5) > 0 else 0.0
S = terml - term2
return S

Verification Results:

Auto verification result ([’2025-02-18T05:49:52.081068+00:00’]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (['2025-02-08T21:04:32.729300+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem by attempting to diagonalize the
Hamiltonian and compute the entropy of the reduced density matrix. However, there are significant issues
in the derivation and understanding of the symplectic eigenvalue v. The solution incorrectly concludes that
the entropy S is independent of m, which contradicts the standard solution. The approach to compute v and
the entropy formula used are not aligned with the standard method, leading to incorrect results. The Python
code implementation also reflects these misunderstandings. The solution needs a more accurate derivation of
the symplectic eigenvalue and a correct application of the entropy formula for Gaussian states.

Attempt 4 (2025-02-08T15:00:45.670896+00:00)

Detailed Solution:

import math

def entropy(k: float, g: float, m: float) -> float:
a =1+ (2 g) / k
sqrt_k = math.sqrt (k)
sqrt_k_plus_2g = math.sqrt(k + 2 * g)
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numerator = sqrt_k + sqrt_k_plus_2g

denominator = 4 * (k * (k + 2 * g)) #** 0.25

nu = numerator / denominator

term_plus = (nu + 0.5) * math.log(nu + 0.5)

term_minus = (nu - 0.5) * math.log(nu - 0.5) if nu > 0.5 else 0.0
S = term_plus - term_minus

return S

Verification Results:

Auto verification result (['2025-02-18T05:49:52.081736+00:00’]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (['2025-02-08T21:04:42.440276+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem, but there are significant issues.
The solution correctly identifies the need to diagonalize the Hamiltonian and compute the von Neumann
entropy of the reduced density matrix. However, the analysis is overly verbose and lacks clarity, leading

to confusion about the role of the mass m. The solution correctly identifies the normal mode frequencies

wx = \/% and wy = /%22 but fails to clearly demonstrate how the entropy S is computed from these

frequencies. The Python code provided does not use the mass m, which contradicts the problem’s requirement
for the entropy function to take m as an input. The solution needs to be more concise and focused on deriving
the correct expression for the entropy S using the symplectic eigenvalue v and ensuring that all parameters
are appropriately considered.

Attempt 5 (2025-02-08T15:05:00.711413+00:00)

Detailed Solution:

To compute the entropy S for the reduced density matrix of a coupled harmonic oscillator system, we follow
these steps:

1. Diagonalize the Hamiltonian: Transform to normal coordinates to decouple the oscillators. 2. De-
termine Normal Mode Frequencies: Calculate the frequencies of the normal modes. 3. Compute
the Symplectic Eigenvalue: Use the normal mode frequencies to find the symplectic eigenvalue v. 4.
Calculate the Entropy: Use the formula for the von Neumann entropy in terms of v.

Final Answer: The entropy S is given by:

S:y+1ln(y+1)_y—1ln(u—1)
2 2 2 2

— witws o -/ E - /k+2g
Whereu—2m,wmhw1—\/mandwg—\/ =,

import math

def entropy(k: float, g: float, m: float) -> float:
omegal = math.sqrt(k / m)
omega2 = math.sqrt((k + 2 * g) / m)
product = omegal * omega2
if product ==
return 0.0
nu = (omegal + omega2) / (2 * math.sqrt(product))
terml = (nu + 1) / 2
term2 = (nu - 1) / 2
if term2 <= 0:
return 0.0
# Compute the entropy using natural logarithm
s = terml * math.log(terml) - term2 * math.log(term2)
return s

Verification Results:
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Auto verification result ([2025-02-18T05:49:52.082403+-00:00]) Status: Correct

Evaluations:

Evaluated by gpt-4o0 (['2025-02-08T21:04:54.479152+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem and attempts to follow the correct
approach by diagonalizing the Hamiltonian and computing the entropy using the symplectic eigenvalue.
However, there are significant issues: the solution is overly verbose and lacks clarity, making it difficult
to follow the logical steps. The final expression for the entropy is not clearly derived, and the Python
implementation is not directly related to the detailed steps provided. The solution does not clearly connect
the symplectic eigenvalue calculation to the entropy formula, and the handling of edge cases in the Python
code is not well justified. The approach has merit, but the execution is flawed.
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2.2.3 Model: meta-llama/Meta-Llama-3.1-70B-Instruct
Attempt 1 (2025-01-31T05:17:06.7614737)

Attempt 2 (2025-01-31T05:20:15.5814387)

Detailed Solution: To solve this problem, we will follow the steps outlined in the prompt.
Step 1: Understand the Problem
We are given a coupled simple harmonic oscillator governed by the Hamiltonian

2 2 2
H:;%(%wﬁ)ww. (37)
The ground state is |Q2) and the operator p is the vacuum density matrix partially traced over the |w)qg,
components.

Step 2: Devise a Plan

To compute the entropy S = —Try, [p1lnp], we need to find the reduced density matrix p and then compute
its trace and logarithm.

Step 3: Carry Out the Plan

First, we need to find the ground state |[2). The Hamiltonian can be rewritten as

Hzl(p1 p2)+*(kx1+kxz+g($1—x2) ) (38)
2\m m 2
:}(m P2)+,((k+g)x1+(k+g)x2—29$1$2) (39)
2\m m

We can diagonalize the quadratic form in z; and x2 by introducing new coordinates x. = %(ml +x2). The
Hamiltonian becomes

1({p2 p? 1
HZE(EJrJrE +§((k+g)x3+kx3). (40)
The ground state is then
1 mwy o  Mw- 2)
Q) = - - z 41
) ﬁwwexp( on T Ton ) (41)

k+
where w, = \/79 and w_ = %

Next, we need to compute the reduced density matrix p. We have

p= [t [ az [ dw(la)es ey (041 @ waul) (OHQD) (4)es ® )as o, (24 (42)
=/dm fdzlfdw |m1 @1 @1 301 (/ dw'’ x2 wIQ)<Q\w> )(|:c'1)11 r1<x,1|) (43)
~ [ dat [ ot (165)ar o2 @) ([ all@)@0')zs ) (1)1 21 (41)- (44)

Using the expression for |2), we can compute the matrix elements

A
\/_\/m_m\/z Xp( Ty (21 +w)’ - njlhf(:cl—w))

Substituting this into the expression for p, we get

2o (W) =

T (o1 - a2)?) (45)

ﬁ:/dﬂc fd:cl |27 Yy q (7] ([dw \/Z\/Iexp( —(z1 +w)2*n;h (z1 - w) )) (|3C’1>r1 (@

(47)

/dw fdwl |27 Ve, Il(x1|)(\/7_r1hexp(_";§+a:?)) (|l‘,1>zl zl<l',1|) (48)

mwy

28

1l

)



The reduced density matrix is then

£2) ot by o a5t Dar =1 (01 (49)

ﬁ—\/_\/m_mfdx fda:lexp(

" ’ mw " ’
——— [t [ dsiexp(-B2tad) o) 2 (ol (50)
\/_ mwy

%) lat)ar =2 (a4 (51)

\/_\/m_mfdmlexp( h

Now, we can compute the entropy S = —Trg, [plnp]. We have

§ = ~Tra, [Inf] (52)
- [ oty (@il plat), (53)
f dz} o xl\ f dx? exp( h+ x?) |7V, 2, (x7]In / dx? exp( h %) |27Yey 20 (2] | |21 )2y
(54)

[ Az o (21| —— \/_ / dzy exp (—%x?) |27 Yz, 2 (2] ( In (\/_\ [ —— ) ey 2) 1)z, (55)
fdml oy (T | ———— \/_ fd:vl exp( h )|x1 Von @ m1|(ln(\/_\/ ) ey 2) |27 Yy (56)
- [ e et oy )+ ) o

) L1 (58)

2

mw+

ln(\/_

Therefore, the final answer is

S:In(\/E . (59)
1

=In| 7 )+2 (60)
L[R2 1

=1n(ﬁ m(k+g))+2. (61)

Now, we can convert this expression into Python code.

import math

def entropy(k:float,g:float,m:float)->float:

nnn

Compute the entropy of a coupled simple harmonic oscillator.

Parameters:

k (float): The spring constant.

g (float): The coupling constant.
m (float): The mass.

Returns:
float: The entropy.

nwnn
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# Compute the entropy
S = math.log(math.sqrt (math.pi)+*math.pow(m*(k+g)/math.pow(math.hbar,2),-0.25))+0.
5

return S

Note that this code assumes that the physical constant math.hbar is defined. In Python, math.hbar is not a
built-in constant, so you would need to define it yourself, for example, math.hbar = 1.0545718e-34.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.052838+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:36:44.770616Z) Grade: C

Notes: The submitted solution shows a basic understanding of the problem but has significant issues. The
approach to diagonalizing the Hamiltonian and finding the ground state is correct in principle, but the final
expression for the entropy S is incorrect and does not match the standard solution. The submitted solution
simplifies the problem incorrectly by not considering the correct transformation and basis change, leading
to an incorrect expression for the reduced density matrix and entropy. Additionally, the solution does not
correctly handle the coupling term g(z1 — x2)2 in the Hamiltonian, which affects the frequencies w; and ws.
The final entropy expression should involve these frequencies as shown in the standard solution. The Python
code provided is also based on the incorrect entropy expression.

Attempt 3 (2025-01-31T05:22:11.2563427)

Detailed Solution: To solve this problem, we first need to find the ground state |Q2) of the coupled harmonic
oscillator.
The Hamiltonian can be rewritten as

H- il(f ?)+9M (62)

=1 2 2
1

_2(%+i§)+§(ka}1+kx2+g(ml—x2)) (63)
1

:5(2 ];i)+f((k+g)x1+(k+g)m2 2gw1x2) (64)

To diagonalize the Hamiltonian, we introduce new coordinates x. = %(wl + x2). Then the Hamiltonian
becomes

(B E) e et t-0e) )

Now we can see that the Hamiltonian is a sum of two independent harmonic oscillators with frequencies

k
wae =/

The ground state of the coupled harmonic oscillator is then
|€2) = |w+) © |w-) (66)

where |w.) are the ground states of the two independent harmonic oscillators.
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Now we can compute the reduced density matrix p. We have
p= [ dat [ dat [ dw(io))en 1 (@51 © aa(wl) (1O (121)21 @ 0)as 2 (2]) (67)
- [ dat [ ot [ dw(of)ar oa (o) ( [ o [ dab (105)ea wafadl) (210 (165)es ma b)) (1) o (1)
(68)

- [ dat [ ot (16)ar o2 (@1) [ o [ dab (oafaflat) o 010000 bas (@15 s 0h]) ) () o ]
(69)
= [ o [ dai (o) o1 (1) (o o IR@U Doy ) (12501 o ) (70)

Now we can see that p is a density matrix of a single harmonic oscillator with frequency w;.
The entropy of the reduced density matrix is then

S = -Try, [plnp] (71)
. p "
=-Tr, pln( - )]—lnTrz p 72
(525 17 72
—7Thn[ﬁln(§)]fln1 (73)
=-Try, [plnp] (74)
Since p is a density matrix of a single harmonic oscillator with frequency w., we have
hw, hwy ) hw, hw,
S=|1 In(1 - 1 75
(+hﬁ)n(+m9 kol kpT (75)

However, since the temperature T is not given in the problem, we assume that the system is at zero temper-
ature. Then the entropy becomes

hwy hwy hwy . hwy
=1 In(1 - 1
o ( 70 )n( 70 ) 0 "0 (76)
=(1+o00)In(l+00)—o0lnoo (77)
— oo (78)

However, this is not a correct answer. The correct answer is that the entropy is a function of the ratio of the
frequencies wy and w-_.

To get the correct answer, we need to go back to the expression of the entropy and use the fact that the
density matrix p is a density matrix of a single harmonic oscillator with frequency wy.

After some calculations, we get

_ hwy . hws hw,

= —1

S hw_ nhw- nhw- (@)

_Vkrg) VErg ), VE+g (80)
k-g k-g k-g

Now we can convert this expression into Python code:

import math

def entropy(k:float,g:float,m:float)->float:
omega_plus = math.sqrt ((k+g)/m)
omega_minus = math.sqrt ((k-g)/m)
S = (omega_plus/omega_minus)*math.log(omega_plus/omega_minus)-math.log(omega_plus
/omega_minus)
return S

Note that the mass m is not used in the calculation of the entropy, so we can ignore it.
Verification Results:
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Auto verification result ([2025-02-18T05:49:52.053287+00:00]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:36:53.374008Z) Grade: C
Notes: The submitted solution shows some understanding of the problem by attempting to diagonalize the
Hamiltonian and compute the reduced density matrix. However, there are significant issues. The solution
incorrectly assumes the entropy is a function of temperature, leading to an incorrect expression for entropy at
zero temperature. The final expression for entropy, S = ¥ 49 1n YER9 _ 1y YEH9  qoes not match the standard
J VE—g = Jk-g Vk-g’
solution, which involves a more complex expression involving the frequencies wi; and ws. The approach
to diagonalizing the Hamiltonian and finding the ground state is partially correct, but the final entropy

calculation is flawed.

Attempt 4 (2025-01-31T05:26:44.0065957)

Detailed Solution: To solve this problem, we first need to find the ground state |2) of the coupled simple
harmonic oscillator. The Hamiltonian can be rewritten as

21 p2 2 ($1—332)2

H=Y (2 pa?) s g2 22) 81
;2(m+ )+ g (s1)
1(pt p3\ 1

:5(%+%)+§(kx%+kx§+g(m—xg)z) (82)
1(pt p3\ 1

:5(%+%)+5((k+g)x?+(k+g)m§—29m1x2) (83)

We can diagonalize the quadratic form in the coordinates by introducing new coordinates x. = %(zl +x2).
In these coordinates, the Hamiltonian becomes

o3 (B E)e J (e aet+G-0ad) (59

The ground state |2) is a product of the ground states of the two independent harmonic oscillators:

[2) =12)+ ®[2)- (85)
() ) () (g0 e

Now we can compute the density matrix p:
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p= [ o [ dat [ dw (o) e1 (@] ® o (w]) (DHRD) ()1 © ) o (1) (87)
= [ st [ ot [ dw(at)er o2 @) ([ ot [ dh (on (0l o (251) (RN () o2 (@0)sa) ) (1) )

(83)
= [ det [ ol (ot )y @1) ([ o [ dah (oa(o105 ) 2 (a1) (RN (s o2 (031) ) (1o s G

(89)
=fd:c fdwl |27 Yy o {1

J

( )(/ il fda:Q(S(x ~T,2)(w2<$,2/|)(|Q)<Q|)(|$,2)x2))(|$ll)x1 s f@il)  (90)

=fdx fdac (127 )21 21 m’|)(/dx2 o $2|)(|Q)<Q|)(|x2>wz))(\$1)11 21 (1) (91)
= [ ot [ da (1o)2 21 (21) ((R12D) (0 )an 2 G21]) (%2)
N K KA CATREO I A (93)
= [ at [ ot (es o1 (ol b4 oy
= [ datl [ da} (j27)r (ot - 30 2 (25 (95)
= [ ot () 2 (%) (96)

Now we can compute the entropy S:

§ = ~Trz, [pIn ] (97)
pnj (fa)a) (98)
(f ot (letar o o) ) in ([ 2t (8)os ma (i) (0en) (99)
([ dat (9)or o1 (@hlat)e) )10 ([ dat (ar (el catatl))  (100)
VAR I Y REACC RO P eA)) (101)

[t (@) (1) ) 0 (s () (102)

fdx'{(?(xl -2 )In (4, (z1]) (103)
—In (2, (z7]) (104)

However, this is not a well-defined expression. To get a well-defined expression, we need to regularize the
density matrix p. We can do this by introducing a small parameter € and replacing the density matrix p with

I
|
~
S
8
=3

1
I
Q
S
=3
—~ —~ —~
8
&
—
8
=3

1
I
<9
8
=3
8
&
8
=3
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ﬁs=/dx'1'fd:c'1 (|x'1’)z1 = { (/ dxy /dl"z 22 (W[T3 )y zz(fczD(m}(QD (|x2>12 zz(fc2|w>zz))(‘$’1)m 951<”7’1|)67EH
(105)
:fdx fdxl 2 Ve o (2] (/ dzl /d% w2 (T3]78 )z 22 (7)) (ONQ) (|25 xQ(m'2|))(|x'1)wl o (zi]) e
(106)
= [aat [ i (j#)e, 21 Gad] ([ drf [ dzd(a - a5) (o |)(|Q)(Q|)(|x'2)ac2))(|x'1)xl ) e
(107)

= [ dat [ dof (10})ar ea ai1) ([ dob (oalahl) (RN (5)s2) ) (15 ot ) 7 (108)

=fdx/1/fdx/1(|x/1/)x1 {2 ?]) ((22)) (121 ) 0y o (i ]) e (109)

= [ datl [ ot (9)an 2 Ga11) (122)21 22 (i ]) € (110)
:fdw'l'/dw'l (127 )2y 21 (27271 )2y zl(xﬂ)e*éﬁ (111)
:fd:c/f/.dx'l (|x')x16(x'{ 1) = (1)) € o (112)
:/dx;'(\x'; oy o () € (113)

Now we can compute the entropy S:

S = —Tra, [peln pc] (114)

-- f da (o ({]) peln e (|2} ), ) (115)

(/ dz} |:£1 —a )ln(f dz} |J:1 - z1<1’1|) )(|x'{)zl) (116)
(/ dz' (|21) ey =1 (21]27 )2y )ln(/ Az’ (o0 (27121 )2y 2 (@1]) 76&) (117)

— [ ot (o tw1) [ ot ()220 - aD)) ) ([ ot (5Gat - o) s (i) ) (118)
- - [ daf (s () (ja)er ) I (=1 Gafle™") (119)
- f daf{5(af - 2 In (o, (2 le™ ") (120)
=~ In 4y (27)e™) (121)

Now we can take the limit € — 0:

S = 7161_1>131n(11(x'1'|e_6H)
= ~limIn (=, (2] (1 —eH + O(e%)))
= —1in61n (1-eq, (V| H|x!) e, + 0(62))
= —1in5 (—eml(a:'{|l:l|:r:'1')xl + 0(62))
=2 (m’1’|f{|x,1,)11
1 (h(k +9) )
T2 m

Therefore, the final answer is:

import math
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def entropy(k:float,g:float,m:float)->float:
hbar = 1.0 # Planck constant
return 0.5 * (hbar * (k + g)) / m

Example usage:
k = 1.0 # spring constant
g = 0.5 # coupling constant

m = 1.0 # mass
s = entropy(k, g, m)
print ("Entropy:", s)

Verification Results:
Auto verification result ([2025-02-18T05:49:52.053804+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:03.012381Z) Grade: D

Notes: The submitted solution contains several fundamental issues. Firstly, the approach to finding the ground
state and diagonalizing the Hamiltonian is incorrect. The transformation to new coordinates x. is not properly
utilized to diagonalize the Hamiltonian, and the subsequent steps do not align with the standard solution’s
method of using ladder operators and normal modes. Secondly, the computation of the density matrix p is
flawed, as it does not correctly implement the partial trace over the xo coordinate, leading to an incorrect
expression for the density matrix. Thirdly, the entropy calculation is incorrect; the expression S = % (%)
is not derived from the correct form of the density matrix and does not match the standard solution’s result.
The final answer provided is not equivalent to the standard solution’s entropy expression, which involves
logarithmic terms and frequency ratios. Overall, the solution demonstrates a lack of understanding of the
necessary quantum mechanical concepts and mathematical techniques required to solve the problem correctly.

Attempt 5 (2025-01-31T05:29:18.746765Z)

Detailed Solution: To solve this problem, we will follow the steps outlined in the prompt.
Step 1: Understand the Problem
We are given a coupled simple harmonic oscillator governed by the Hamiltonian

21(p}  , 2 (21 = 22)°
H=3 =2 + ko , 128
i:12(m+ e 2 (128)

The ground state is |[Q2), and we need to compute the entropy
S =-Trs, [plnp] (129)

where p is the vacuum density matrix partially traced over the |w);, components.

Step 2: Devise a Plan

To solve this problem, we will first need to find the ground state |Q2) of the coupled harmonic oscillator. Then,
we will compute the density matrix p by tracing over the |w),, components. Finally, we will compute the
entropy S using the formula above.

Step 3: Carry Out the Plan

Step 3.1: Find the Ground State |Q)

To find the ground state |Q2), we will first need to diagonalize the Hamiltonian H. We can do this by
introducing the normal modes

1
i = ﬁ(:fal +Tg), (130)
Ds = %(pl +Pp2). (131)
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In terms of these normal modes, the Hamiltonian becomes

H-= Z ( me) (132)

where
k
wi=yf o+ LI (133)
m m m
The ground state [2) is then given by
192) = ) © ) (134)
where |w.) are the ground states of the individual harmonic oscillators.
Step 3.2: Compute the Density Matrix p
To compute the density matrix p, we will first need to compute the matrix elements
(21|21 (211 ® 2o (WY Q21 )0y ® [W)ay 2y (21]- (135)
Using the fact that |Q) = |ws) ® |w-), we can write
(27 |1 {27 ® w (WIQN Q2T )2y @ [y 2y (21] = (27w Moot Wt - New-[w)wlw- ) {w-1). (136)

22
Using the fact that (z|w) = ﬁe_ﬁ, where ¢ = /- we can write

1 _(m’l’-z’lﬂ B (= -w)? _(z'l—w)z
7 z 2
<m’1’|11 (x’1’| ® <w|Q)<Q‘$’1)11 ® |w)9~‘2 Ty <$’1| = € e 2= e = (137)

w2 Joro-

Integrating over w, we get

of—a)? (@f-w)?  (#f-w)?

(!
p= 1/2 oo [ dat [ dat [awe e R o)y Gail (138)

Performing the Gaussian integral over w, we get

(mlll_mll)Q B (mlll_mll)Z

D 1 i I o 402 152 " ’
p:m/dxlfdwle ) e S A e (139)

Step 3.3: Compute the Entropy S
To compute the entropy S, we will first need to compute the matrix elements

(2%]pIn plat)- (140)

(111/7111)2 B (Illlizll)2

s dal [drte 7t e T |aY)e, o (2l], we can write

@feh)? @ e? 1 _E=)?@fe)?
z1|pIn plz) fd:c /dmle i e 19 In| ———e 4% e 4Z . 141
(z¥]pIn p| N P (141)

Using the fact that p =

Using the fact that In(abd) =Ina +1Inb, we can write

(z’l’fz’l)z (z'l’—m’l)2 @ p
- 1 1 — —
(7 |pIn plzt) = N f dxt f deje 43 e 42 (_lnﬂ_l/Q B §ln0+ _ ilna, _ (x140g1) (33140;71) )
(142)
Performing the Gaussian integrals over z{ and x}, we get
1 1 1 1
(Jc'1'|[;1nﬁ\x'1):7§1n7r—11na+711na_75. (143)

36



Taking the trace over z1, we get

S = —Trg, [pInp] (144)
:%lnﬂ+ilna++ilnrj_+%. (145)

Using the fact that o, =/ mei, we can write

1 1 1 h 1
S=—Inm+-1n —ln—+=. (146)
2 4 mwy 4 mw- 2
Final Answer:
import math
def entropy(k, g, m):
omega_plus = math.sqrt(k/m + g/m + g/m)
omega_minus = math.sqrt(k/m + g/m - g/m)
sigma_plus = math.sqrt(1/(m*omega_plus))
sigma_minus = math.sqrt(1/(m*omega_minus))
S = 0.5*math.log(math.pi) + 0.25*math.log(sigma_plus) + 0.25*math.log(sigma_minus

) + 0.5
return S

Note that this code assumes that the input values k, g, and m are positive. If these values can be negative,
additional checks should be added to handle these cases correctly.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.054344+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:09.306602Z) Grade: C

Notes: The submitted solution shows a basic understanding of the problem by attempting to diagonalize
the Hamiltonian and compute the entropy. However, there are significant issues: 1) The transformation to
normal modes is correct, but the calculation of the ground state and density matrix is not fully aligned with
the standard solution. 2) The entropy calculation is incorrect; it does not match the standard solution’s final
expression for entropy. 3) The code provided does not correctly implement the entropy formula derived in
the standard solution. The approach has some merit, but the execution contains major flaws.
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2.2.4 Model: Qwen/Qwen2.5-72B-Instruct
Attempt 1 (2025-01-31T12:04:57.6693077Z)

Detailed Solution: Step 1: Understand the Problem
We are given a Hamiltonian for a coupled simple harmonic oscillator:

21 (p; 2 (w1 - 32)°
H=) —|= +kxj|+9g—7——
gz(m, )T

We need to compute the von Neumann entropy S of the reduced density matrix p obtained by tracing out
the z2 degrees of freedom from the ground state |Q2).
Step 2: Devise a Plan
1. Diagonalize the Hamiltonian: Transform the Hamiltonian into a form that separates the normal
modes. 2. Find the Ground State: Determine the ground state |Q2) in the new coordinates. 3. Compute
the Reduced Density Matrix: Trace out the z2 degrees of freedom to obtain p. 4. Compute the von
Neumann Entropy: Use the reduced density matrix to compute S.
Step 3: Carry Out the Plan
1. Diagonalize the Hamiltonian
The Hamiltonian can be written in matrix form:

1

2 2
H=7(&+p—2+km%+kmg+g(m1—xz)2)
2\m m

This can be rewritten as:

2 2
1
H-= (& + pﬁ) > ((k +g)zs + (k+g)zs - 29:1:1362)
m

m

N | —

To diagonalize the quadratic form, we perform a change of variables:

1| [ cosf sinf) [y
xz2) \-sinf cosf)\y2

The transformation matrix U is chosen such that:

v(k+g -g 3 wi 0
v (—g k+g U= 0 wi

The eigenvalues w? and w2 are the roots of the characteristic equation:

E+g-w? -9 _
det( i kg ut =0

(k+g-w?)?-g*=0
(k+g-w*)’=g"
k+g—w2:ig

wf:k+29, wgzk

() (3)

The corresponding eigenvectors are:

Thus, the transformation matrix is:

2. Find the Ground State
The ground state |Q2) in the new coordinates y1 and ys is:

[2) = 10}y, ®[0)y,

3. Compute the Reduced Density Matrix
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The reduced density matrix p is obtained by tracing out ya:

p = Try, (|2

In the y; basis:

p= |0>y1 <O|y1
4. Compute the von Neumann Entropy
The von Neumann entropy S is given by:

S =Ty, (pInp)

Since p is a pure state in the y; basis:
p= |O)y1 <O|y1

The von Neumann entropy of a pure state is zero:

Final Answer
The von Neumann entropy S is:

Python Code

def entropy(k: float, g: float, m: float) -> float:
return 0.0

This function returns the von Neumann entropy S for the given parameters k, g, and m. Since the entropy
is zero, the function always returns 0.0.
Verification Results:

Auto verification result (['2025-02-18T05:49:52.054772+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:16.667125Z) Grade: D

Notes: The submitted solution incorrectly concludes that the von Neumann entropy S is zero. The standard
solution shows that the entropy is a non-zero expression involving w; and ws. The submitted solution fails
to properly account for the entanglement between the modes y1 and y2 after tracing out x2. The approach
to diagonalize the Hamiltonian and find the ground state is correct, but the conclusion about the entropy
being zero is fundamentally flawed. The solution does not correctly compute the reduced density matrix or
the entropy from it.

Attempt 2 (2025-01-31T12:06:19.1866207Z)

Detailed Solution: Step 1: Understand the Problem
We are given a Hamiltonian for a coupled simple harmonic oscillator:

21 (p} 2 (w1 —x2)*
H=Y | = +ka; | +g——
;Q(m )T

We need to compute the von Neumann entropy S of the reduced density matrix p obtained by tracing out
the z2 degrees of freedom from the ground state |Q2).

Step 2: Devise a Plan

1. Diagonalize the Hamiltonian: Transform the Hamiltonian into a form that separates the coupled
oscillators. 2. Find the Ground State: Determine the ground state |[Q2) of the transformed Hamiltonian.
3. Compute the Reduced Density Matrix: Partially trace out the x2 degrees of freedom to obtain p. 4.
Compute the von Neumann Entropy: Use the reduced density matrix to compute S = =Try, [plnj].
Step 3: Carry Out the Plan
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1. Diagonalize the Hamiltonian
The Hamiltonian can be written in matrix form:

1 2 2
H=7(&+p—2+kx%+km§+g(m1—xz)2)
2\m m
This can be rewritten as: , )
1
H = 3 (% + % + (k+g)xf + (k+g)x§ —nglxz)

We can diagonalize this Hamiltonian by a change of variables:

! .
21\ [ cosf sinf) [z
z5) \-sinf cosf)\z-
where 0 is chosen such that the cross term —2gxixs is eliminated. The angle 0 is given by:

29 _2£:2

tan20 = ————— =
an k+g-k g

Thus, 0= 3.
The new Hamiltonian in terms of x| and z5 is:

1 pl2 p'2 2 72 2 2
H:f(—1+—2+w1w'1 +w2m'2)
2\ m m

where w; and wy are the new frequencies:
wi=k+g+\/(k+9)2-4g2=k+g+\/k2+2kg+g2-4g2=k+g+\/k2-2kg+g2=k+g+(k-g) =2k
wi=k+g-\/(k+9)?2-4¢2=k+g-\/k>-2kg+g>=k+g-(k-g)=2g

2. Find the Ground State
The ground state [Q2) in the new coordinates is:

1) = [0, @ [0)a

where |0>x’1 and |0>x'2 are the ground states of the harmonic oscillators with frequencies w; and ws, respectively.
3. Compute the Reduced Density Matrix
The reduced density matrix p is obtained by tracing out the zo degrees of freedom:

p = Trz, (12)(2])

In the new coordinates, this is:

p = Tray (10021 0Ly, ®10)as (Oles ) =10, (Ol

4. Compute the von Neumann Entropy
The von Neumann entropy S is given by:

S = ~Tr., [pIn /]
Since p = |0)95r1 (Olz'l’ it is a pure state, and the von Neumann entropy of a pure state is zero:

S=0

Final Answer
The von Neumann entropy S is:

(o]

Python Code

def entropy(k: float, g: float, m: float) -> float:
return 0.0

Verification Results:
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Auto verification result ([2025-02-18T05:49:52.055198+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:22.702657Z) Grade: D

Notes: The submitted solution incorrectly concludes that the von Neumann entropy S is zero. The standard
solution shows a detailed calculation leading to a non-zero entropy expression. The submitted solution fails
to account for the coupling between the oscillators correctly and does not perform the necessary calculations
to find the correct reduced density matrix and its entropy. The approach of diagonalizing the Hamiltonian
and finding the ground state is mentioned, but the execution is flawed, leading to an incorrect conclusion.
The frequencies w; and w2 are also incorrectly calculated, affecting the entire solution.

Attempt 3 (2025-01-31T12:08:02.6324317Z)

Detailed Solution: Step 1: Understand the Problem
We are given a Hamiltonian for a coupled simple harmonic oscillator:

21 (p; 2 (w1 - 32)°
H=) —|= +kxj | +9g—7——
;2(m )T

We need to compute the von Neumann entropy S of the reduced density matrix p obtained by tracing out
the x2 degrees of freedom from the ground state [(2).

Step 2: Devise a Plan

1. Diagonalize the Hamiltonian: Transform the Hamiltonian into a form that separates the normal
modes. 2. Find the Ground State: Determine the ground state |Q2) in the new coordinates. 3. Compute
the Reduced Density Matrix: Trace out the x2 degrees of freedom to obtain p. 4. Compute the von
Neumann Entropy: Use the reduced density matrix to compute S.

Step 3: Carry Out the Plan

1. Diagonalize the Hamiltonian

The Hamiltonian can be rewritten in terms of normal modes. Define new coordinates:

Q1
Q2

Py
P
Substitute these into the Hamiltonian:

1(pP? PP) 1
ne3(2 e E) Lt e
m  m) 2

x1+xo

3

1%

S

and corresponding momenta:

'S

1+p2

N

'S
=

|
ol
¥

N

This Hamiltonian is now a sum of two uncoupled harmonic oscillators:

H:H1+H2

2
H1=1(i+m%)
2\ m

where

2
Hs = l(&+(k+2g)Q§)
2\ m

2. Find the Ground State
The ground state |Q2) is the product of the ground states of the two harmonic oscillators:

) = [21) ©[02)

where |Q1) and |Q2) are the ground states of Hy, and Ha, respectively.
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3. Compute the Reduced Density Matrix
The reduced density matrix p is obtained by tracing out the Q2 (or z2) degrees of freedom:

p = Trq, ()
Since |Q2) = [Q1) ® |Q2), we have:
p = )| ® Tro, (IQ2){2])
The trace of the ground state of a harmonic oscillator is a Gaussian:

1

\/Wh/WQ

Trq, (|Q22){(€22]) =

ki2
where wq = #

Thus, the reduced density matrix is:
1

\/7rh/a&

p =121

4. Compute the von Neumann Entropy
The von Neumann entropy S is given by:

§=-Trq, (pInp)

Since p is a pure state in the @)1 subspace, the von Neumann entropy is:

Si= “irg) (momﬂln(lﬂlm' ' wr;T))

The logarithm of a pure state is:

1
\/ﬁh/WQ

Since In (|©21)(21|) = —oo for a pure state, the von Neumann entropy is:

1
;9 =-Tr 1 S]l 521 In| ——
e e

1n(|91>(91- \/ﬁ)

) =1In (|Q1)(2]) +ln(

The trace of a pure state is 1, so:
S=-In Lt
/h[ws

S =1In (\/ﬂh/wQ)

Simplify the logarithm:

Il
[N
5
~
3
>
~
Y
(V]
N—’

k+2g
m

Since ws = , we have:

Final Answer:

Python Code

import math

def entropy(k: float, g: float, m: float) -> float:
hbar = 1.0 # Set hbar to 1 for simplicity
omega_2 = math.sqrt((k + 2 * g) / m)
S = 0.5 * math.log(math.pi * hbar * math.sqrt(m / (k + 2 * g)))
return $§

This Python function computes the von Neumann entropy S for the given parameters k, g, and m.
Verification Results:
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Auto verification result ([2025-02-18T05:49:52.055685+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:28.344536Z) Grade: D

Notes: The submitted solution has significant issues and does not match the standard solution. The standard
solution involves diagonalizing the Hamiltonian, finding the ground state, computing the reduced density
matrix, and calculating the von Neumann entropy using a detailed transformation and integration process.
The submitted solution simplifies the problem incorrectly by assuming the trace of the ground state of a
harmonic oscillator is a Gaussian, which is not applicable in this context. Additionally, the final expression
for the entropy is incorrect and does not match the standard solution’s result. The approach lacks the
necessary steps and understanding of the problem’s complexity.

Attempt 4 (2025-01-31T12:09:38.070757Z)

Detailed Solution: Step 1: Understand the Problem
We are given a Hamiltonian for a coupled simple harmonic oscillator:

21 (p} 2 (z1 - x2)*
H=) - |= +ka; | +g——+. 147
i; 5\ 5 TR r 9T (147)
The ground state is denoted by [Q2), and we need to compute the von Neumann entropy S of the reduced
density matrix p obtained by tracing out the x2 degrees of freedom:

= -Tr,, [plnp]. (148)

Step 2: Devise a Plan

1. Diagonalize the Hamiltonian: Transform the Hamiltonian into a form that separates the normal modes.
2. Find the Ground State: Determine the ground state |2) in the new basis. 3. Compute the Reduced
Density Matrix: Trace out the x> degrees of freedom to obtain p. 4. Compute the von Neumann
Entropy: Use the reduced density matrix to compute S.

Step 3: Carry Out the Plan

1. Diagonalize the Hamiltonian

The Hamiltonian can be written in matrix form:

(p§+p§)+%(a:1 xz)(k+g _g)(xl). (149)

:% -g k+g)\z2

To diagonalize the Hamiltonian, we need to find the eigenvalues and eigenvectors of the matrix:

_[(k+g -g
M—( g k+g)' (150)

The eigenvalues A1 and A2 are given by:

. (k+9)£\/(k+9)2-4¢g> (k+g)+\/k?>+2kg+g®>-4g> (k+g)\/k>-2kg+g> (k+g)=(k-g)

e 2 2 2 2
(151)

Thus, the eigenvalues are:

)\1 = k}, )\2 =k + 2g. (152)

e (}) e (_11). (153)

We can transform the coordinates to the normal modes:

The corresponding eigenvectors are:

+
CC,1 _ 1 xz’ xrz _ ) (154)
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The Hamiltonian in the new coordinates is:
1 1
H = o— (¢ +p5) + 5 (k' + (k +29)a%). (155)

2. Find the Ground State
The ground state [Q2) in the new coordinates is a product of the ground states of two independent harmonic
oscillators:

|€2) = Q1) ® [Q2), (156)

where [©21) and |Q2) are the ground states of the harmonic oscillators with frequencies wi = 1/ % and wy =
\/k:nﬁ, respectively.
3. Compute the Reduced Density Matrix
The reduced density matrix p is obtained by tracing out the z2 degrees of freedom:
p = Tray (|QNQ). (157)
Since |Q) = |Q1) ® |22), we have:
p = 121 )(]® Tray (|Q2){2) - (158)

The trace over x2 of the ground state of a harmonic oscillator is a thermal state with temperature 7' — 0,
which is a pure state. Therefore, the reduced density matrix is:

p =121 (. (159)

4. Compute the von Neumann Entropy
The von Neumann entropy S is given by:

S =-Try, (plnp). (160)
Since p = |21 )(Q1] is a pure state, the von Neumann entropy is:
S = —Try, (|Q21){(Q]In|Q21){Q]) = —Trz, (JQ1){(Q1|In1) =0. (161)

Final Answer
The von Neumann entropy S is:

S =0. (162)
Python Code

def entropy(k: float, g: float, m: float) -> float:
return 0.0

This function returns the von Neumann entropy S for the given parameters k, g, and m.
Verification Results:

Auto verification result ([’2025-02-18T05:49:52.056110+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:34.279741Z) Grade: D
Notes: The submitted solution incorrectly concludes that the von Neumann entropy S is 0. The standard
solution shows that S is a non-zero expression involving w1 and ws. The submitted solution fails to account
for the entanglement between the modes 1 and x2, which leads to a non-zero entropy when tracing out one
of the modes. The approach in the submitted solution does not correctly handle the reduced density matrix
and its entropy calculation, leading to a fundamentally flawed result.

Attempt 5 (2025-01-31T12:11:10.444713%Z)
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Detailed Solution: Step 1: Understand the Problem
We are given a Hamiltonian for a coupled simple harmonic oscillator:

21 (p? 2 (21 - 2)?
H_;Q(m+kxi)+g 5

We need to compute the von Neumann entropy S of the reduced density matrix p obtained by tracing out
the z2 degrees of freedom from the ground state |(2).
Step 2: Devise a Plan
1. Diagonalize the Hamiltonian: Transform the Hamiltonian into a form that separates the degrees of
freedom. 2. Find the Ground State: Determine the ground state |Q2) of the transformed Hamiltonian. 3.
Compute the Reduced Density Matrix: Partially trace out the x> degrees of freedom to obtain p. 4.
Compute the von Neumann Entropy: Use the reduced density matrix to compute S = =Try, [plnj].
Step 3: Carry Out the Plan
1. Diagonalize the Hamiltonian
The Hamiltonian can be written in matrix form:

1{02 2
H:7(&+p—2+kx%+kx§+g(xlfﬂc2)2)
2\m m

This can be rewritten as:

2

We can diagonalize this Hamiltonian by a change of variables. Let:

y1\ [ cos® sinf) (x1
y2)  \-sin@® cosf)\z2

The transformation matrix is chosen such that the cross term —2gx;x2 is eliminated. The angle 0 is given by:

{2 »2
H= 7(& 12 +(k+g)m§+(k+g):c§—29w1x2)
m m

2 2
tan 260 = 9 __29_ 2
k+g-k g
Thus,
1
0= 5 arctan(2)
The new Hamiltonian in terms of y; and y2 is:
1 {n2 2
Heg (B 2t uhad)
2\m m

where w; and wy are the eigenfrequencies of the system.
2. Find the Ground State
The ground state |Q2) of the Hamiltonian is a product state of the ground states of the two decoupled harmonic
oscillators:
1€2) = [0)y, ®][0)y,

3. Compute the Reduced Density Matrix
The reduced density matrix p is obtained by tracing out the yo degrees of freedom:

p = Try, (12)(Q)
Since |Q?) is a product state, this reduces to:
p=10)y, (Oly,

4. Compute the von Neumann Entropy
The von Neumann entropy S is given by:

S =Ty, [plnp]

For a pure state, the reduced density matrix p is a projection operator, and its von Neumann entropy is zero.
However, in the context of the problem, we need to consider the entanglement entropy, which is non-zero for
mixed states.
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The entanglement entropy for a harmonic oscillator system is given by:

S = lln(un<+w2)

2 w1 — w2

where w; and w2 are the eigenfrequencies of the decoupled oscillators.

The eigenfrequencies are:
k+g++/(k+g)?-4g2
wlz'\ m

| Erg-V(k+g)*-4g°
wz—‘\ m

Thus, the entanglement entropy is:

k+g+\/(k+g)2-4g2 4 k+g—+/(k+g)2-4g2
m m

Szlln

\/ krgr/Terg)® 4 _ \/ krg—\/Crrg)2-1g2
m m

Final Answer

import math

def entropy(k: float, g: float, m: float) -> float:
omegal = math.sqrt((k + g + math.sqrt((k + g)#**2 - 4 * g#**x2)) / m)
omega2 = math.sqrt((k + g - math.sqrt((k + g)**2 - 4 * g*x2)) / m)
S = 0.5 * math.log((omegal + omega2) / (omegal - omega2))
return S

This function computes the von Neumann entropy S for the given parameters k, g, and m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.056575+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:37:43.472415Z) Grade: C

Notes: The submitted solution shows a basic understanding of the problem but has significant issues. The
diagonalization of the Hamiltonian is attempted, but the transformation used is incorrect. The angle 6 is not
correctly derived, leading to incorrect expressions for w; and ws. The final expression for the entropy S is also
incorrect. The standard solution uses a different approach to find the eigenfrequencies and the entanglement
entropy, which involves a more detailed analysis of the Hamiltonian and the reduced density matrix. The
submitted solution lacks the necessary steps to correctly compute the von Neumann entropy for the given
system.
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2.2.5 Model: meta-llama/Meta-Llama-3.1-8B-Instruct
Attempt 1 (2025-01-31T18:33:24.3509307)

Attempt 2 (2025-01-31T18:37:03.7608827)
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Attempt 3 (2025-01-31T18:40:42.582735Z)

Detailed Solution: To solve this problem, we need to follow the steps outlined in the problem statement.
Step 1: Understand the Problem The problem involves a coupled simple harmonic oscillator governed by a
Hamiltonian. We are asked to compute the entropy S of the system, which is defined as the trace over the
x1 states of the logarithm of the density matrix p.

Step 2: Devise a Plan To compute the entropy, we need to first find the density matrix p. The density matrix
is given by the partial trace of the vacuum state |Q2) over the |w);, components.

Step 3: Carry Out the Plan To find the density matrix p, we need to evaluate the integral

p= [ ot [ dat [ dw () o1 (@] ® o (w0]) (2HRD) (a1 © )y o 1) (179)

We can simplify this expression by using the properties of the vacuum state [2) and the harmonic oscillator
states |z).

Step 4: Simplify the Density Matrix Using the properties of the vacuum state and the harmonic oscillator
states, we can simplify the density matrix g to

p= [zt [ dat (1e)ar 2 (o (f s Iz(w|)(|x1)zlzl(x1|) (180)

Step 5: Evaluate the Integral Evaluating the integral over w, we get

p= [ ot [ dat (o) o2 (@) (0Dar o 3t (181)

Step 6: Simplify the Expression Simplifying the expression, we get

[d351 /dwl\xl z1 @1 $1|zl<931|351> (182)

Step 7: Evaluate the Integral Evaluating the integral over =7 and z/, we get

p= [ ol [ daflat)er ar(al16(at - 31) = [ daafor)ay o (ol (183)

Step 8: Simplify the Expression Simplifying the expression, we get

B f dz1[21)0; oy (1] = Loy (184)
Step 9: Compute the Entropy The entropy S is given by
S =-Try, [plnp] (185)
Since p =1,,, we have
S =-Tre, [Iz, Inl, ] (186)

Step 10: Simplify the Expression Simplifying the expression, we get
S =-Try, [Is; Inly, ] = -Try, [, 0] =0 (187)

(122)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(112)

Step 11: Consider the Coupling Term The coupling term g affects the den51ty matrix p. We need to

take this into account when computing the entropy.
Step 12: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

S =-Try, [plnp] (188)

where p is the density matrix with the coupling term.
Step 13: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = / dzi(z1|pln plz1) (189)

Step 14: Evaluate the Integral Evaluating the integral, we get

S=- fdml zi|plnplzy) = fdwl z1|p(In p) |z1) (190)
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Step 15: Simplify the Expression Simplifying the expression, we get

/da:l (z1]p (In p) |z1) = /da:l a;1|p(ln(/ dz! |z Y2y 2, ( x1|))\m1) (191)

Step 16: Simplify the Expression Simplifying the expression, we get

/dwl z1|p (ln(f da |z Yoy oy (2] ))|x1 fdxl z1|p(In (Iz,)) |z1) (192)

Step 17: Simplify the Expression Simplifying the expression, we get

/dﬂcl z1|p(In (Iz, ) |z1) = fdxl z1|p-0z1) = (193)

(112)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1-w3)2
2

Step 18: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 19: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = -Tr,, [pInp] (194)

where p is the density matrix with the coupling term.
Step 20: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = f dz1(z1|pln p|z1) (195)

Step 21: Evaluate the Integral Evaluating the integral, we get

/dml z1|plnplz,) = /d:cl z1|p (In p) |z1) (196)

Step 22: Simplify the Expression Simplifying the expression, we get

/dxl z1|p(Inp)|z1) = /dxl xﬂp(ln(/ da |z Yoy 2 mﬂ))\a)l) (197)

Step 23: Simplify the Expression Simplifying the expression, we get

S=- fdm xﬂp(ln(f dxt |z Yy oy (7] ))|x1 fdxl z1|p (In (Iz,)) |x1) (198)

Step 24: Simplify the Expression Simplifying the expression, we get

fdxl (z1]p (In (I, )) |21) = /dml z1|p-0lz1) = (199)

(z1— 902)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1- 962)

Step 25: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 26: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S =-Try, [plnp] (200)

where p is the density matrix with the coupling term.
Step 27: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = fdxl z1|pln plz1) (201)

Step 28: Evaluate the Integral Evaluating the integral, we get

fdxl z1|pln plx1) = [d:rl z1|p(Inp) |z1) (202)
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Step 29: Simplify the Expression Simplifying the expression, we get

/da:l (z1]p (In p) |z1) = /da:l (z1p (ln(f dz! |z Y2y 2, ( x1|))\m1) (203)

Step 30: Simplify the Expression Simplifying the expression, we get

/dwl z1|p (ln(f da |z Yoy oy (2] ))|x1 fdxl z1|p(In (Iz,)) |z1) (204)

Step 31: Simplify the Expression Simplifying the expression, we get

/dﬂcl z1|p(In (Iz, ) |z1) = fdxl z1|p-0z1) = (205)

(z1- 12)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1-w3)2
2

Step 32: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 33: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = —Tr,, [pIn ] (206)

where p is the density matrix with the coupling term.
Step 34: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = f dz1(z1|pln p|z1) (207)

Step 35: Evaluate the Integral Evaluating the integral, we get

/dml z1|plnplz,) = /d:cl z1|p (In p) |z1) (208)

Step 36: Simplify the Expression Simplifying the expression, we get

/dxl z1|p(Inp)|z1) = /dxl xﬂp(ln(/ da |z Yoy 2 mﬂ))\a)l) (209)

Step 37: Simplify the Expression Simplifying the expression, we get

S=- fdm xﬂp(ln(f dxt |z Yy oy (7] ))|x1 fdxl z1|p (In (Iz,)) |x1) (210)

Step 38: Simplify the Expression Simplifying the expression, we get

fdxl (z1]p (In (I, )) |21) = /dml z1|p-0lz1) = (211)

(z1— wz)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1- wz)

Step 39: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 40: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = —Tr,, [pInp] (212)

where p is the density matrix with the coupling term.
Step 41: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = fdxl z1|pln plz1) (213)

Step 42: Evaluate the Integral Evaluating the integral, we get

fdxl z1|pln plx1) = [d:rl z1|p (Inp) |x1) (214)
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Step 43: Simplify the Expression Simplifying the expression, we get

/da:l (z1]p (In p) |z1) = /da:l (z1p (ln(f dz! |z Y2y 2, ( x1|))\m1) (215)

Step 44: Simplify the Expression Simplifying the expression, we get

/dwl z1|p (ln(f dzt |z ) oy oy (27 ))|x1 fdxl z1|p (In (I, )) |x1) (216)

Step 45: Simplify the Expression Simplifying the expression, we get

fdxl 2115 (In (I, )) |1 ) = fdxl 215 Olz1) = (217)

(112)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1-w3)2
2

Step 46: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 47: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = ~Tr,, [pInp] (218)

where p is the density matrix with the coupling term.
Step 48: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = f dz1(z1|pln p|z1) (219)

Step 49: Evaluate the Integral Evaluating the integral, we get

/dml z1|plnplz,) = /d:cl z1|p (In p) |z1) (220)

Step 50: Simplify the Expression Simplifying the expression, we get

/dxl z1|p(Inp)|z1) = /dxl xﬂp(ln(/ da |z Yoy 2 m1|))\a:1) (221)

Step 51: Simplify the Expression Simplifying the expression, we get

S=— fdm xﬂp(ln(f dz’ |z )2y 2y (27 ))|x1 fdxl z1|p (In (Iz,)) |x1) (222)

Step 52: Simplify the Expression Simplifying the expression, we get

fdxl (z1]p (In (I, )) |21) = /dml z1|p-0lz1) = (223)

(z1— 902)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1- 962)

Step 53: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 54: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = —Tr,, [pInp] (224)

where p is the density matrix with the coupling term.
Step 55: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = fdxl z1|pln plz1) (225)

Step 56: Evaluate the Integral Evaluating the integral, we get

fdxl z1|pln plx1) = [d:rl z1|p(Inp) |z1) (226)
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Step 57: Simplify the Expression Simplifying the expression, we get

/da:l (z1]p (In p) |z1) = /da:l (z1p (ln(f dz! |z Y2y 2, ( x1|))\m1) (227)

Step 58: Simplify the Expression Simplifying the expression, we get

/dwl z1|p (ln(f dzt |z ) oy oy (27 ))|x1 fdxl z1|p (In (I, )) |x1) (228)

Step 59: Simplify the Expression Simplifying the expression, we get

fdxl 2115 (In (I, )) |1 ) = fdxl 215 Olz1) = (229)

(112)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1-w3)2
2

Step 60: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 61: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S = —Tr,, [pIn ] (230)

where p is the density matrix with the coupling term.
Step 62: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = f dz1(z1|pln p|z1) (231)

Step 63: Evaluate the Integral Evaluating the integral, we get

/dml z1|plnplz,) = /d:cl z1|p (In p) |z1) (232)

Step 64: Simplify the Expression Simplifying the expression, we get

/dxl z1|p(Inp)|z1) = /dxl xﬂp(ln(/ da |z Yoy 2 mﬂ))\a)l) (233)

Step 65: Simplify the Expression Simplifying the expression, we get

S=— fdm xﬂp(ln(f dz’ |z )2y 2y (27 ))|x1 fdxl z1|p(In (Iz,)) |z1) (234)

Step 66: Simplify the Expression Simplifying the expression, we get

fdxl (z1]p (In (I, )) |21) = /dml z1|p-0lz1) = (235)

(z1— 902)

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1- 962)

Step 67: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 68: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the den51ty matrix p. We need to

S =-Try, [plnp] (236)

where p is the density matrix with the coupling term.
Step 69: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = fdxl z1|pln plz1) (237)

Step 70: Evaluate the Integral Evaluating the integral, we get

fdxl z1|plnplz1) = [d:rl z1|p(Inp) |z1) (238)
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Step 71: Simplify the Expression Simplifying the expression, we get

/da:l (z1]p (In p) |z1) = /da:l (z1]p (ln(f dzy |y ey zl(xﬂ))\xl) (239)

Step 72: Simplify the Expression Simplifying the expression, we get

/dwl z1|p (ln(f dzt |z ey oy (7] ))|x1 fdxl z1|p (In (I, )) |x1) (240)

Step 73: Simplify the Expression Simplifying the expression, we get

fdxl 2115 (In (I, )) |1 ) = fdxl 215 Olz1) = (241)

(z1-23)%
2

However, this is not the correct answer. We need to consider the coupling term g in the Hamiltonian.

(z1-w3)2
2

Step 74: Consider the Coupling Term The coupling term g
take this into account when computing the entropy.

Step 75: Compute the Entropy with the Coupling Term To compute the entropy with the coupling term, we
need to evaluate the expression

affects the density matrix p. We need to

S = ~Tr,, [pInp] (242)

where p is the density matrix with the coupling term.
Step 76: Simplify the Expression Simplifying the expression, we get

S =-Try, [plnp] = f dz1(z1|pln plz1) (243)

Step 77: Evaluate the Integral Evaluating the integral, we get

/dml zi|plnplz,) = /d:cl z1|p (In p) |z1) (244)

Step 78: Simplify the Expression Simplifying the expression, we get

/dxl z1|p(Inp)|z1) = /dxl z1|p (ln(/ dat |z, xl(m'ﬂ))\xl) (245)

Verification Results:

Auto verification result ([2025-02-18T05:49:52.056680+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:10.610136Z) Grade: D

Notes: The submitted solution is fundamentally flawed. It repeatedly attempts to compute the entropy
S by incorrectly assuming that the density matrix p is the identity matrix I,,, leading to an incorrect
conclusion that the entropy is zero. The solution fails to properly account for the coupling term gM
in the Hamiltonian, which is crucial for the correct computation of the density matrix and the entropy. The
approach does not align with the standard solution, which involves diagonalizing the Hamiltonian, finding
the correct density matrix, and computing the entropy using the correct expressions for the eigenvalues of
the density matrix. The repeated steps indicate a lack of understanding of the problem’s requirements and

the necessary mathematical concepts.

Attempt 4 (2025-01-31T18:44:21.306633Z)
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Attempt 5 (2025-01-31T18:45:17.6402807)

Detailed Solution: To solve this problem, we first need to compute the density matrix 6 and then find the
trace over the z; states.

Step 1: Compute the density matrix p

The density matrix p is given by

p= [ dat [ dai [ dw(af)e, oy (@] @ o) (RS (f21)s, © whay o (21) (358)

We can simplify this expression by using the properties of the inner product.
Step 2: Simplify the density matrix p
Using the properties of the inner product, we can simplify the density matrix p as follows:

p= [ dat [ dai [ dw(ia))er o1 (@51 aafuwl) (9HQD) (121)21 @ 0)as 2 (21]) (359)
= [ daf [ dal [ dw(l2f)er o1 (a1]) (191)e =1 (2h]) (DU (1) 22 () (360)
= [ dafl [ dat (j21)er a1 (1)) (193)21 21 (3h]) [ deo (IRH) () o2 0] (361)

We can further simplify the expression by using the properties of the inner product.
Step 3: Simplify the expression for the density matrix p
Using the properties of the inner product, we can simplify the expression for the density matrix p as follows:

p= [ st [ dwh (127} o1 @) (125)ar o (2]) [ oo (IRHQD (0o oo (w]) (362)
fdac fdxl ¥ Yer 2 (211) (121 )es 2 {h]) (/ dw (|) Q\))([ G, x2<w\)) (363)

Since the ground state |[2) is a normalized state, we have [ dw (|Q){(Q]) = 1.
Step 4: Simplify the expression for the density matrix p
Using the result from the previous step, we can simplify the expression for the density matrix p as follows:

o= [ dat [ dat (15)ar 22 (051) (125 o fat]) [ o (00D ( [ dw (w)aa o)) 369)
:fdx fdacl 127 e a0 (2] (12) 2y 22 (2]) (365)

We can further simplify the expression by using the properties of the inner product.
Step 5: Simplify the expression for the density matrix p
Using the properties of the inner product, we can simplify the expression for the density matrix p as follows:

p= [ dat [ dwh (15)ar o (@51) (125)on 2 G21]) (366)
= [ ot (j#)ar ar (1) [ ot (10 )ar 2 (051) (367)

Since the states |z7)s, and |2 )s, are orthonormal, we have [ dz! (|2))s; 2, (z1]) = 1 and [ dz} (|21 )2, o1 (z1]) =
1.

Step 6: Simplify the expression for the density matrix p

Using the results from the previous step, we can simplify the expression for the density matrix p as follows:

p= f dz’ |x1 -~ f dx} |:v1 - zl(x1|) (368)
=1-1 (369)
=1l (370)
This result is expected, since the density matrix p is a normalized state.
Step 7: Compute the entropy S
The entropy S is given by
S =-Trs, [plnp] (371)
Since the density matrix p is a normalized state, we have Try, [pln ] = Try, [pIn1] = Tre, [p0] = 0.
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Step 8: Compute the entropy S
Using the result from the previous step, we can compute the entropy S as follows:

S = ~Try, [pInp] (372)
= —Tr,, [p0] (373)
=0 (374)

This result is expected, since the density matrix p is a normalized state.
Step 9: Convert the final mathematical expression into Python code
Here is the Python code that implements the function entropy:

import numpy as np

def entropy(k: float, g: float, m: float) -> float:

nnn

Compute the entropy S of a coupled simple harmonic oscillator.

Parameters:

k (float): The spring constant.

g (float): The coupling constant.
m (float): The mass.

Returns:
float: The entropy S.

nwnn

# The demnsity matrix rho is a normalized state, so its entropy is =zero.
5 =0
return §

The final answer is: @
Verification Results:

Auto verification result ([’2025-02-18T05:49:52.0571314+00:00]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:26.862989Z) Grade: D

Notes: The submitted solution is fundamentally flawed. It incorrectly simplifies the density matrix p to 1,
which is not consistent with the standard solution. The standard solution involves a detailed calculation of
the density matrix and its partial trace, leading to a non-zero entropy S. The submitted solution incorrectly
concludes that the entropy is zero, which shows a lack of understanding of the problem’s complexity and
the mathematical concepts involved. The approach does not align with the standard solution’s method of
diagonalizing the Hamiltonian and computing the entropy from the eigenvalues of the reduced density matrix.
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2.2.6 Model: Qwen/Qwen2.5-7B-Instruct
Attempt 1 (2025-02-01T00:59:07.6455647)

Detailed Solution: To solve this problem, we need to compute the von Neumann entropy S of the reduced
density matrix p after tracing out the xo degrees of freedom. Let’s proceed step-by-step.

Step 1: Understanding the Hamiltonian and Ground State The Hamiltonian for the coupled harmonic oscil-
lators is given by:

21 (p} 2 (z1 - x2)?
H=) —|= +kaj | +g————.
;2(m )T

The ground state |Q2) is the simultaneous eigenstate of the Hamiltonian and the number operators for each
oscillator.
Step 2: Constructing the Reduced Density Matrix The reduced density matrix p is given by:

p= [ ot [ dal [ (o) es (@] ® p (w]) (RUQD) (152 © )y =1 (@41).

This can be simplified to:

p= [ dat [ dat [ dwla)e, o1 (2] aa (] Qs 22) (05, 22) [21) 21 21 (3] 0

Here, Q(z1,x2) is the ground state wavefunction of the coupled system.
Step 3: Tracing Out the z2 Degrees of Freedom To find the reduced density matrix ps,, we trace out the z2
degrees of freedom:

Py =fdl“2/3acz(fﬂ2|~

This results in:
~ _ " ! " 4 * 1 1A !
Pzy = dzy dz; dz2 |27 ) oy 21 (@1 2p (T2 21, 22) Q7 (21, T2) [#1 )21 21 (T1][T2)a5-

Since gz, (z2||T2)e, = 1, we have:
Pzq = f dzy f da’ |27 )2y o (2] f dzy Q(z1,22) QF (21, 22).
Let C(z1,21) = [ dwe Q(z1,22) Q* (21, 22). Then:
Pz, = f dzt f dzy |27) e, o (27| C (21, 27).
The von Neumann entropy S is given by:
S =-Try, [pz, Inps, |-

Since p,, is diagonal in the z; basis, the trace simplifies to:

S:—Z)\zl In Az,
1

where \;, are the eigenvalues of p,, .
Step 4: Eigenvalues of p;, The eigenvalues A\;, are given by the diagonal elements of p,:

)\3;1 = C(:IZ’1,$1).

Thus, the entropy is:
S=->C(z1,21) InC(x1,21).
1
Step 5: Simplifying the Expression For the ground state of the coupled harmonic oscillator, the wavefunction
Q(x1,22) can be expressed in terms of the ground state wavefunctions of the individual oscillators. The
overlap C'(z1,z1) can be computed using the properties of the ground state wavefunctions.
Final Answer: The final expression for the entropy S is:

S=-3 C(z1,21) InC(w1,z1).

Zq

Python Code Implementation:
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import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Define the ground state wavefunction overlap C(x1, x1)
# This is a placeholder for the actual computation of C(x1, x1)
# In practice, this would involve solving the coupled harmonic oscillator problem
# and computing the overlap of the ground state wavefunctions.
# For simplicity, let’s assume C(x1, x1) is a known function of k, g, and m.
# Here we use a placeholder function for demonstration.
def C(x1, x1_prime):
# Placeholder function for the overlap
return np.exp(-0.5 * (k/m) * (x1 - x1l_prime) **2)

# Sum over x1 (discretized for numerical computation)
x1_values = np.linspace(-10, 10, 1000)

C_values = [C(x1l, x1) for x1 in x1_values]

S = -np.sum(C_values * np.log(C_values))

return S

Example usage

k =1.0
g = 0.5
m = 1.0

print (entropy(k, g, m))

This code provides a placeholder for the actual computation of the overlap C(z1,z1), which would need to
be derived from the specific form of the ground state wavefunction of the coupled harmonic oscillator.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.065105+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:34.920683Z) Grade: C

Notes: The submitted solution demonstrates a basic understanding of the problem by attempting to compute
the von Neumann entropy of the reduced density matrix. However, it lacks crucial details and steps present
in the standard solution. The standard solution involves diagonalizing the Hamiltonian, finding the ladder
operators, and computing the entropy using the eigenvalues of the reduced density matrix. The submitted
solution does not perform these steps and instead provides a general outline without deriving the specific form
of the overlap function C(x1,z]) or the eigenvalues \;,. Additionally, the final expression for the entropy
S=-%,, C(x1,21)InC(z1,21) is not equivalent to the standard solution’s final answer. The Python code is
a placeholder and does not reflect the actual computation needed for the problem.

Attempt 2 (2025-02-01T00:59:44.304186Z)

Detailed Solution: To solve the problem, we need to compute the von Neumann entropy S of the reduced
density matrix p obtained by tracing out the zo degrees of freedom from the ground state |Q2).

Step 1: Understanding the Hamiltonian and Ground State The Hamiltonian for the coupled harmonic oscil-
lators is given by:

21 P2 2 (9?51—I2)2
H = | = +kx; | +g———
;2(m )T

The ground state |€2) is the simultaneous eigenstate of the Hamiltonian and the position operators z1 and zs.
Step 2: Constructing the Reduced Density Matrix The reduced density matrix p is obtained by tracing out
the 2 degrees of freedom:

ﬁ:fdx’l’fdx’lfdw(lr'{)zl 21 (211 ® 25 (w]) (I2HQD) (I21)a1 ® W), 2, (21])
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This can be simplified to:

p= [ dat [ dtay @ll( [ dwaatwlaatol) (2HQD ( [ dwes(wley@t]) 64 lod ey

Since [ dw o, (W] 2, {w| =1, we have:
p= [ dat [ dwh oy (@1 4DUR) o (@h]125) o o)
p= [ ot oa (@) (240D o)
p= [ ot oy (@) 0 (@) (@) (1D o )
p= [ dat oy (at oy 21 (2] (D) o5 ),
p= [ ol oy (atlos (ol (o] (24 lo oy

/dxl 21 {27 21 {21 ], (2] (1QHQD) 27 )
Step 3: Computing the Von Neumann Entropy The von Neumann entropy S is given by:

S = ~Tr., [pInp]
Since p is a diagonal matrix in the z; basis, the trace can be computed as:

5’2-§:AihlAi
x1
where \; are the eigenvalues of p.
Step 4: Simplifying the Expression For the ground state of the coupled harmonic oscillator, the eigenvalues
of p are known to be:

Thus, the von Neumann entropy is:

S:le 1+cos| = £+i In 1 1+cos|Z £+£
o 2 2Vm m 2 2Vm m

Step 5: Implementing the Solution in Python

import numpy as np

def entropy(k: float, g: float, m: float) -> float:
omega = np.sqrt(k/m + g/m)
lambda_val = 0.5 * (1 + np.cos(np.pi / 2 * omega))
S = -lambda_val * np.log(lambda_val)
return S

This function computes the von Neumann entropy S given the parameters k, g, and m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.065620+-00:00’]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:41.936647Z) Grade: D

Notes: The submitted solution contains significant errors and lacks a correct understanding of the problem.
The standard solution involves diagonalizing the Hamiltonian, finding the ladder operators, and computing the
von Neumann entropy using the eigenvalues of the reduced density matrix. The submitted solution incorrectly
simplifies the reduced density matrix and does not correctly compute the eigenvalues or the entropy. The
expression for the eigenvalues \; is incorrect, and the entropy calculation does not match the standard
solution. Additionally, the Python implementation does not reflect the correct mathematical procedure or
result. Overall, the approach is fundamentally flawed and does not demonstrate an understanding of the
necessary quantum mechanics concepts involved in the problem.
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Attempt 3 (2025-02-01T01:00:09.3614127)

Detailed Solution: To solve this problem, we need to compute the von Neumann entropy S of the reduced
density matrix p obtained by tracing out the xzo degrees of freedom from the ground state |Q2).

Step 1: Understanding the Hamiltonian and Ground State The Hamiltonian for the coupled simple harmonic
oscillator is given by:

2

The ground state |Q2) is the simultaneous eigenstate of the Hamiltonian and the number operators for each
mode.
Step 2: Reduced Density Matrix The reduced density matrix p is obtained by tracing out the z2 degrees of

freedom:
p= [ dat [ dai [ dw(jo})er o1 (@1 wa(wl) (IRHQD) (121)e) @ [0}z 21 (311)
This can be simplified to:
p= [ dat [ dat [ dwlof)z, o) (2] aa(wlQ) (@) 2 (a0t )
Since (w|?) and (Qw) are the overlap integrals of the ground state with the eigenstates of z2, we can write:
p= [ o [ oo}z 21 (il pra (W) o (@l e

Here, pz,(w) is the reduced density matrix of the xo degree of freedom.
Step 3: Reduced Density Matrix of z2 The reduced density matrix p, (w) is obtained by tracing out x1 from
the ground state |Q2):

21 p2 2 (551—172)2
H = —| = +kx] | +g—-.
;2(m v g

pas (W) = f a1 [@1)ey o1 (@] [2(Q] |21) 21 2 (21].

For a harmonic oscillator, the ground state is a Gaussian wavefunction, and the reduced density matrix of
the 2 degree of freedom is also a Gaussian. The exact form of ps, (w) can be derived from the ground state
wavefunction, but for simplicity, we can use the fact that the reduced density matrix of a harmonic oscillator
ground state is a thermal state at zero temperature, which is a pure state.

Step 4: Von Neumann Entropy The von Neumann entropy S is given by:

S =-Trs, [plnp].
Since p is a pure state (a thermal state at zero temperature), the von Neumann entropy is zero:

S=0.

[o]

Final Answer:

Python Code:

def entropy(k:float, g:float, m:float) -> float:
return 0.0

This code defines a function entropy that returns 0, as the von Neumann entropy of a pure state is always
Z€ro.
Verification Results:

Auto verification result ([’2025-02-18T05:49:52.066049+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:47.822188Z) Grade: D

Notes: The submitted solution incorrectly concludes that the von Neumann entropy is zero. The standard
solution shows that the entropy is non-zero and provides a detailed calculation involving the reduced density
matrix and its eigenvalues. The submitted solution fails to account for the entanglement between the degrees
of freedom, which leads to a non-zero entropy. The approach in the submitted solution is fundamentally
flawed as it assumes the reduced density matrix is a pure state, which is incorrect for the given problem.
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Attempt 4 (2025-02-01T01:00:48.9779517)

Detailed Solution: To solve the problem, we need to compute the von Neumann entropy S of the reduced
density matrix p obtained by tracing out the xzo degrees of freedom from the ground state |Q2).

Step 1: Understanding the Hamiltonian and Ground State The Hamiltonian for the coupled simple harmonic
oscillator is given by:

21 (p} 2 (z1 - x2)*
H=Y | = +kaj | +g——
;Q(m )T

The ground state [2) is the eigenstate of the Hamiltonian with the lowest energy.
Step 2: Ground State Wavefunction The ground state wavefunction for a single harmonic oscillator is:

mw 1/4 _mwz?
e e 2h
7h

dol@) =

where w =+/%£.
m

For the coupled system, the ground state can be written as a product of single-particle ground states:
|€2) = tho(z1) ® Yo (z2)
Step 3: Reduced Density Matrix The reduced density matrix p is obtained by tracing out the z2 degrees of
freedom:
p= [ dual2)e)
Since |Q2) = ¢o(x1) ® Po(z2), we have:
p= [ deatio(@)ui (@2) @ vo(w2)s (a1)

This simplifies to:
p=vo(@) @ [ drato(e2) (e2)05 (1) = vo(a1) ® U5 (a1)

Thus, p is a diagonal matrix in the x; basis:
p =vo(z1)vo (1)
Step 4: Von Neumann Entropy The von Neumann entropy S is given by:
S =-Try, [plnp]
Since p is diagonal, the trace simplifies to:
S= —fdrvl Yo (1)y6 (1) In (o (1) (1))

Using the ground state wavefunction:

o~ 1/4 _mmf
- e 2h
wh

o(1) :(

we have:

mw)l/Z szx‘{’
— e
wh

1/2 mwz? 1/2 mwz?
Sszdxl (%) e_Tlln (%) e_Tl
wh 7h

This can be split into two integrals:

mw\Y2 _mwst (1 mw mwz?
-— [ d fibied 7 o 2= -
s fxl(wh) ¢ 2n(7rh) n

1 12 mws? 1/2 _mwa?
Szfiln(%)fdxl (%) e o +%[dx1 (%) :rfe o

Yo(21)¢o (1) = (
Thus:
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The first integral is 1 (normalization):

fdm (@) e =1l
wh

The second integral is the second moment of a Gaussian distribution:

1/2 mwm2
fdxl (%) L
mh mw

Thus: " b "
mw mw mw
S=-3! (ﬂ'h)+ W mw 2 (m)”
1 mw
=1--In(2
S n(wh)

Step 5: Python Code Implementation

import numpy as np

def entropy(k: float, g: float, m: float) -> float:
omega = np.sqrt(k / m)
hbar = 1.0545718e-34 # Planck’s constant in Jx*s
S =1 - 0.5 * np.log((m * omega) / (np.pi * hbar))
return S

This code defines the function entropy that computes the von Neumann entropy given the parameters k, g,
and m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.066544+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:38:58.994771Z) Grade: D

Notes: The submitted solution fundamentally misunderstands the problem. It treats the system as two
independent harmonic oscillators, ignoring the coupling term g(z; — 22)?/2 in the Hamiltonian. This leads
to an incorrect form of the ground state wavefunction and reduced density matrix. The standard solution
correctly diagonalizes the Hamiltonian, accounts for the coupling, and derives the correct expressions for the
frequencies w1 and wz. The submitted solution’s final expression for the entropy S = 1 — %ln(%) is not
equivalent to the standard solution’s result, which involves the coupled frequencies w1 and w2. The approach

and calculations in the submitted solution do not reflect an understanding of the coupled system dynamics.

Attempt 5 (2025-02-01T01:01:18.8391917)

Detailed Solution: To solve this problem, we need to compute the von Neumann entropy S of the reduced
density matrix p for the coupled harmonic oscillator system. Let’s proceed step-by-step.

Step 1: Understanding the Hamiltonian and Ground State The Hamiltonian for the coupled harmonic oscil-
lator is given by:

21 (p? 2 (z1 - m2)*
H=>» - | = +kxj | +g———
;Q(m )T

The ground state [Q2) is the eigenstate of the Hamiltonian with the lowest energy.
Step 2: Constructing the Reduced Density Matrix p The density matrix p is given by:

p= [ dat [ e [ dw(e)er wr (@] () (20O (J2h)er © ), w1 (24)

This can be simplified to:

p= [ dat [ dai [ dwle)e, o1 (a1 an 0] o (W] (05 20),
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Since (w|w) = 1, we can simplify further:

p= [ dat [ dwh|o)on 2 (2| aa 0] 0] (5] 0D
Step 3: Trace Over x; States The trace over x; states is:

S = ~Try, [pInp]

Since p is a product of states in 1 and z2, the trace over x; will effectively average over the z; states.

Step 4: Simplifying the Expression Given the form of p, we can see that the trace over x; will result in a sum
over the eigenstates of the z1 part of the system. The von Neumann entropy for a system in a pure state is
zero, but for a mixed state, it is given by the Shannon entropy of the eigenvalues of p.

For a coupled harmonic oscillator, the ground state is typically a coherent state, and the reduced density
matrix p will be a thermal state. The von Neumann entropy for a thermal state in a harmonic oscillator is
given by:

L teres)

where [ = IEB% and w is the frequency of the oscillator.

However, for the given problem, we need to consider the effect of the coupling term g. The exact form of the
entropy will depend on the specific form of the ground state and the coupling term. For simplicity, we can
assume that the entropy is proportional to the coupling term g.

Step 5: Final Expression The final expression for the von Neumann entropy S is:

S:ln(1+e_ﬂhw)

where [ = # and w is the frequency of the oscillator.
Step 6: Implfementlng the Python Code Now, we implement the final expression in Python:

import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Calculate the frequency of the oscillator
omega = np.sqrt(k / m)

# Calculate the inverse temperature beta
# For simplicity, we assume a temperature T = 1 (in units where k_B = 1)
beta = 1.0

# Calculate the von Neumann entropy
S = np.log(l + np.exp(-beta * omega))

return S

This code defines a function entropy that computes the von Neumann entropy given the parameters k, g, and
m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.067042+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:39:08.356240Z) Grade: D

Notes: The submitted solution does not correctly address the problem of finding the von Neumann entropy
for the reduced density matrix of a coupled harmonic oscillator system. The standard solution involves
diagonalizing the Hamiltonian, finding the ladder operators, and computing the entropy using the eigenvalues
of the reduced density matrix. The submitted solution incorrectly simplifies the problem to a single harmonic
oscillator and uses an incorrect expression for the entropy, assuming a thermal state without justification. The
final expression for entropy is unrelated to the standard solution’s result, which involves specific frequencies
w1 and wg derived from the coupling terms. Additionally, the Python code provided does not reflect the
complexity of the problem and incorrectly assumes a simple harmonic oscillator entropy formula.

62



2.2.7 Model: Qwen/QwQ-32B-Preview
Attempt 1 (2025-02-01T04:28:34.4349647)

Attempt 2 (2025-02-01T04:35:33.2877967)
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Attempt 3 (2025-02-01T04:42:31.1832897)

Attempt 4 (2025-02-01T04:49:30.1848637)

Detailed Solution: Alright, I’ve got this problem about a coupled simple harmonic oscillator, and I need
to find the entropy S of the reduced density matrix. It’s a bit intimidating at first glance, but I’ll take it step
by step.

First, I need to understand the Hamiltonian given:

21 P2 2 ($1—372)2
H=) = +kaj | +g——F——
;2(m i A

This looks like two harmonic oscillators coupled by a spring with coupling constant g. So, it’s not just two
independent oscillators; their positions affect each other.
My goal is to find the entropy S, which is defined as:

S =-Tre, [plnp]
Where p is the reduced density matrix, obtained by partial tracing over the x2 degrees of freedom.
Alright, let’s start by understanding the ground state |©2). For uncoupled harmonic oscillators, the ground
state is well-known, but here they are coupled, so I need to find the ground state of the coupled system.
Maybe I can diagonalize the Hamiltonian to find the normal modes of the system. That often simplifies
coupled oscillator problems.
Let me write the Hamiltonian in matrix form. The kinetic and potential energy parts can be expressed in
terms of the momenta and positions.
First, the kinetic energy part:

1 .5 o
T=—(p1 +
2 (p1 +p2)

And the potential energy:

V= l(ksz+kx§)+g

1 (z1 = 22)*
2

2
Simplify V:

1 1
Ve ikxf + ikxg + %(mf -2z T2 + 3)

1 1
V= E(k +g)x§ + 5(1@ +g)m§ - gT172

So, the total Hamiltonian is:

1 1 1
H=T+V = 7(p%+p§)+f(k:+g)a:%+ *(k+g)$§—g$1$2
2m 2 2

This looks like a quadratic form in pl, p2, x1, x2. To diagonalize it, I can write it in matrix form.
Let’s define a vector:

P1
u=|P2
T
X2
Then, H can be written as:
H = %uTAu
Where A is a 4x4 matrix. Let’s find A.
The kinetic energy part is:
L0 0 0\(m
_ 1 2 2\ _ 1 0 i 0 Of]p2
T—%(pﬁrpz)—i(pl p2 1 :E2) 0 0 0 0lla
0 0 0 0/ \z2

64



The potential energy part is:

0 0 0 0 p1
1 1 1 0 0 0 0
V:§(k+g)x§+§(k+g)x§fgx1x2:i(pl p2 1 T2) 0 0 k+g g 2?
0 0 -g k+g/\x
So, the total Hamiltonian is:
H—luTAu
2
Where:
- 0 0 0
1
A 0 - 0 0
0 0 k+g -g
0 O -g k+g

Now, to diagonalize H, I need to find a transformation that diagonalizes A.

Alternatively, perhaps it’s easier to consider the equations of motion and find the normal modes.
Let me write the equations of motion for x1 and x2.

From Hamilton’s equations:

i = 0H p1
' Opr m

OH

pr=—-7—=—(k+g)z1 + gz
81’1
Similarly:

o= OH _p2
2= Op2 " m

. oH
p2=—5—=~(k+g)z2 + g1
81’2

So, we have:

1 k+
——p g$1+£$2
m

. 1. g k+g
By = —po= 211 -
m m

T2
This is a system of coupled differential equations. To solve it, I can look for normal mode solutions where x1
and xqoscillatewiththesame frequency.
Assume:
z1(t) = Ae**
z2(t) = Be™"

Plugging into the equations of motion:
2 4wt k+g , iwt | 9 5 iwt
—w Ae™" = ——=Ae"™" + =—Be
m m
) w k+ W
~w?Be™t = L peiwt - 219 gt
m m

Dividing both sides by e™* weget :

WA= B, 9p
m m
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m m
Rearranging:

@P—Eiﬁy4+13:o
m m

42A+(w2—5iﬁ)3:0

m m

This is a homogeneous system of equations, and for non-trivial solutions, the determinant must be zero:
Somm s

m
2_

w

=0

E
S}

g +
m

2 2
552 (2 -
m m
)
w - — =
m

w2_k+9:

3|

Calculating the determinant:

3=
~——
(V]

a5
m

3=

So, two solutions for 2 :

1w2_k+g:iw2:k+g+i:
i 2 km " 2 " Tz

_bktg _ _ 9 —_ktg 9 _ k
2. w w peo

m m m T.TL
So, the normal mode frequencies are:

[k
w1 = —

k

3

4L

29

m
Now, to find the normal modes, we need to find the ratios of A and B for each frequency.
For w? = k29,

wa =

m

(M_M)MQB:O
m m m
(E)A+EB:0
m m
A+B=0

B=-A

So, the normal mode is z1 = Ae™?*, x5 = —Ae™2t. So, the relative displacement is maximized.
For w? = £.
m

(ﬁ_M)A+gB:0
m

m m
@ﬁ)A+iB:0
m m
-A+B=0
B=A

So, the normal mode is 1 = Ae™*, x5 = Ae™1t. So, the centers of the oscillators move together.
Now, I can define new coordinates corresponding to these normal modes.
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Let:

_ T+ T2
q1 = \/5
1 — X
g2 = 7
Then, the momenta are:
_ Dz1 t+ Pa2
Pq1 = \/§
Pl — Pa2
Pq2 = \/§
Now, express H in terms of ql, g2, pq1,pq2-
First, express x1 and x2 in terms of ql1 and q2:
= G +q
V2
iy = q1 —Qq2
V2
Similarly for pzi1andpgs :
Pq1 + Pq2
Pz1 = \/5
Pq1 — Pg2
Pz2 = \/5

Now plug these into H.
First, kinetic energy:

2 2
1, 4 2 1 Pq1 + Pq2 Pq1 — Pq2
[ = — L = — +
2m (Pe1 + Pr2) 2m (( V2 V2

_ 1 ((pql +pq2)2 + (pg1 _pq2)2)

~2m 2
1 (2p% +2p5s 1 9 2
T:%(% = 5 (P + Pg2)
Potential energy:
1 2 1 2
V= E(k +g)xi + §(k +9)x5 — gr1T2

vgteea () gk () ~a(m7) (%)

1 G +2agp+g) 1 4 -2q1q2 + ¢ 4 -
V==(k+ —= |+ =(k+ —
2( 9)( = 2( 9) > U

k+
V= Tg(qf +2q1q2 + G5 + 41 — 2q142 + G3) — g(qf -43)

k+
V= Tg(2qf+2q§)— g(ﬁ—qg)

_k+g
T2

|4 (qf+q§)—g(qf—q§)

k+g- k+g+
V= ggqf+ ggqg
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Q
[V &

k k+2
VZE% g

q + 2
So, the Hamiltonian in terms of ql and g2 is:
2 2
Pa1 P2 k2 k+2g o
H=—"+—"+—qi +

om " om 2T T T2 B
This shows that ql and g2 oscillate independently with frequencies 1 and 2 as found earlier.
Now, the ground state |2} is the tensor product of the ground states of the two independent oscillators.
Lets denote the ground state of ql oscillator as |[0)41 and that of g2 as |0)q2. Then,

|Q> = |O>q1 ® |0>q2
Now, I need to find the reduced density matrix p by partial tracing over x2, which in terms of ql and q2,
would correspond to partial tracing over one of the coordinates.
Wait a minute, I need to express x2 in terms of ql and q2.
From earlier:

-

V2
So, tracing over x2 would involve integrating out x2, but in terms of ql and q2, that would correspond to
integrating over one of the q’s.
Actually, perhaps it’s easier to express the density matrix in terms of x1 and x2, and then perform the partial
trace over x2.
Let me recall the definition of p:

p= [ dat [ dv [ dw(iat)er o1 (51 aafuwl) 21O (120)es © [0)as o (25
This looks quite involved. Maybe there’s a simpler way to compute the reduced density matrix.
Alternatively, since the system is quadratic, the ground state is a Gaussian state, and the reduced density
matrix for a Gaussian state can be found by integrating out one of the variables.
Perhaps I can find the wave function of the ground state in position space and then compute the reduced
density matrix by integrating out x2.
First, let’s find the ground state wave function.
Given that the Hamiltonian is quadratic, the ground state is a Gaussian wave function.
The general form of the ground state wave function for a two-dimensional harmonic oscillator is:

€2

1/2

mw _mw (2.2

Yo(z1,22) = (7) e 2h (F1re2)
wh

But in our case, the Hamiltonian is coupled, so the ground state wave function will be a function of the

normal coordinates ql and q2.

From earlier, we have:

k+2g
2

2 2
k

g=Pa P T2,
2m  2m 2

So, the ground state wave function in terms of ql and q2 is:

2
q2

1/4 o /4 mw
mwi _ TR0, (mwz ) _mwy g2
s = e 2h 1 x| —= e 2h 2
Yo(q1,q2) ( — ) —
Where w; = \/% and we = 1/ E29

Now, to express this in terms of x1 and x2, we use the relations:

q1 =
1 \/§
q2 = V2

So,

LA +ag )2 1/4 a2
Yolan,z2) = (22 o (252) o (men) -z (m1z2)
i



Yoo, zz) = )1/4 (Z )”“ L o 402)?- T o)
mh wh

Now, the density matrix |Q)(Q| is vo(z1,z2)g (z7,75), but I need to compute the reduced density matrix by

integrating out x2.

Alternatively, perhaps there’s a smarter way to compute the entropy S for a Gaussian state.

Since the ground state is Gaussian, and the reduced density matrix will also be Gaussian, the entropy can be

computed using known formulas for the entropy of Gaussian states.

In quantum information theory, the von Neumann entropy of a Gaussian state is related to the covariance

matrix.

First, I need to find the covariance matrix of the reduced state.

But perhaps this is getting too complicated. Maybe I should stick to the definition and compute the partial

trace.

Let me try to compute p explicitly.

Given:

p= [ dat [ ot [ dw(of)er o1 (@] @ 2 w]) IR (125 )ar @ )y o (2]

This looks like a very involved integral. Maybe there’s a simpler expression for the reduced density matrix.
Alternatively, perhaps I can use the fact that for Gaussian states, the reduced density matrix is also Gaussian,
and its covariance matrix can be obtained by partial tracing.

Given that, I can compute the covariance matrix elements for x1 and pl, and then use the formula for the
entropy of a Gaussian state.

The von Neumann entropy S for a Gaussian state is given by:

S = Z [>\z hlAi - ()\1 - 1)111()\1' - 1)]

Where A; are the symplectic eigenvalues of the covariance matrix.

But perhaps this is overkill for this problem.

Alternatively, perhaps I can compute the entropy directly from the definition.

Given that the reduced density matrix is Gaussian, its matrix elements in the position basis can be written
as:

P(ml,wi)=fd$2¢o($1,$2)¢3(fc'17$2)
So,

1/4 1/4 mw 1/4 /4 mwy, mwe , 1
p(xl,iva) _ f ds (mwl ) (mw? ) & L (1 +22) 2 - T2 (w1 —22)? x( mwy ) (Tm")2 ) o L (2 +w2) 2 - T2 (a] —wn)?
wh 7h 7h wh

p(z1,71) = (mm)l/z(mw)wfdxze‘"ﬁl [(21+22)%+(} +22)?]- T332 [(21-22)*+(a ~22)?]
wh Th

This integral looks messy. Maybe there’s a better way to compute this.

Alternatively, perhaps I can express the reduced density matrix in terms of the normal modes.

Since ql and g2 are decoupled, maybe I can express the reduced density matrix in terms of q1 and q2.
Wait, actually, x2 is related to ql and g2 as follows:

Q1 qe
V2

So, integrating over x2 would correspond to integrating over q2.

Therefore, the reduced density matrix p is obtained by tracing out q2.

Given that, and since ql and g2 are independent, the reduced density matrix should just be the density

matrix of ql.

Wait, but I need to confirm this.

The ground state is |[Q2) = [0)41 ® |0)g2-

Tracing out g2 corresponds to taking the partial trace over q2, which would give p = [0)41(0|q1-

But I need to express this in terms of x1.

Alternatively, perhaps I need to find the marginal probability distribution for x1 by integrating out x2 from

the full wave function.

€2

69



Let me try that.
The probability density is |10 (1, z2)|>.
So, the marginal probability for x1 is:

plar,at) = [ duao(er, z2)i (ah,22)

Which is what I wrote earlier.

This seems unavoidable.

Alternatively, perhaps I can switch to the normal mode coordinates q1 and g2, and express x1 in terms of ql
and q2.

Given that, perhaps the integral becomes easier.

Let me try that.

We have:
q1 +q2
X1 =
V2
@y = q1 — Qg2

V2

So, dxidxa = dgidqs, since the Jacobian of the transformation is 1.
Now, express p(z1,7]) in terms of ql and q2.

First, express x1 and x1’ in terms of ql and q2.

z g1+ Q2
1=

V2
/_qS+qé
Ty = ——"—

V2
Wait, but in the integral, x1 and x1’ are independent variables, so perhaps it’s better to keep them as they
are.
Alternatively, perhaps I can change variables in the integral from x2 to g2, keeping x1 fixed.
Let me think differently.
Express 1o(x1,x2) in terms of q1 and g2.

We have:
1/)0(1’1 :Eg) _ (mwl )1/4 (mw2 )1/4 & e (z1+x2)%- T2 (z1-2)?
’ 7h wh
Let me define:
D mwi
© 4h
mwsa
b —
4h

Then,

Wo(z1,22) = (mw1 )1/4 (mw2 )1/4 e-a(x1+x2)2—b(x1—x2)2
wh wh

Now, expand the exponents:

—a(z1 + x2)2 —b(x1 - x2)2 = fa(xf + 2122 + xg) = b(m? —2x1x2 + :rg)

= —(a+b)z} - (a+b)zs +2(b-a)zizs
So,

1/4 1/4 R 5
_ [ w1 mw2 —(a+b)z7-(a+b)xz5+2(b-a)zixo
T1,T2) = e
Yo(z1,22) (Wh) (wh)
Now, the reduced density matrix is:

p(ml,l‘,l):/-d$21l10(1'17332)1/}3(x,1a$2)
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Since the wave function is real, ¥ = 1o.
So,

p(fEl , .Tll) _ / dzs [( mwi )1/4 ( mwsa )1/4 6—(a+b)z%7(a+b)z§+2(b7a)zl T ] ~ [( mwi )1/4 (mw2 )1/4 e—(a+b)z'127(a+b)zg+2(bﬂz)z’112

mh 7h 7h Th

1/2 1/2
p(l‘l, 1"1) _ (mU;Ll ) / (m(;ig ) / ef(awtb)z%7(a+b)z’12+2(b7a)z11272(1770‘)1'112 % f dx2672(a+b)z%+2(b7a)(z1+;v'1)12
s T

Now, the integral is a Gaussian integral:
/dx2€—2(a+b)x§+2(b—a)(ml+;zr'1)3:2

This is of the form:
f dl‘ efaz2+ba: _ \/fe%
a

a=2(a+b)

So, here:

b=2(b-a)(z1 +x})

2(b-a)(wq +2)]°
f dx26—2(a+b)x§+2(b—a)(:cl+w'1)9£2 _ ™ 6%
2(a+b)
= (b-a)? (zq +ah)?
= —e 2(a+b)
2(a +b)

Therefore, the reduced density matrix is:

1/2 1/2 b-a)?(zq+ah)?
p(.’lﬁ'h .’L‘ll) _ (mw1 ) / (mWQ ) / e—(a+b)sz(a+b)z'12+2(b7a)zl1272(b7a)z’1z2 = i e%
wh wh 2(a +b)

This still looks complicated. Maybe I need to combine exponents.
Let me recall that a Gaussian integral of the form:

2 b2
[dare_az b - \/?eE
a

So, perhaps I can complete the square in the exponent.

Alternatively, perhaps there is a better way to approach this problem.

Given that time is limited, maybe I can look up the formula for the entropy of a Gaussian state.

For a quantum harmonic oscillator in its ground state, the entropy is zero because it’s a pure state.

But in this case, we are considering a reduced density matrix, which is mixed, so the entropy should be greater
than zero.

In general, for a quantum harmonic oscillator with Hamiltonian H = hw(a'a+1/2), the entropy of the reduced
state can be computed from the covariance matrix.

Alternatively, perhaps I can use the fact that the entropy of a Gaussian state is related to its covariance
matrix by:

Thus,

S =1n+\/det(c/(h/2))

Where is the covariance matrix.

But I need to confirm this.

Alternatively, perhaps I can use the purity of the state to find the entropy.

The purity is Tr(p2)7 and for a Gaussian state, it’s related to the covariance matrix.
But perhaps this is getting too involved.
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Given time constraints, maybe I should accept that this is a complex calculation and proceed to write a
Python function that computes the entropy based on some formula.

Alternatively, perhaps I can assume that the reduced density matrix is thermal and relate the entropy to the
effective temperature.

But this is speculative.

Given that, perhaps I can look for a

Verification Results:

Auto verification result (['2025-02-18T05:49:52.067318+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:39:40.951863Z) Grade: C

Notes: The submitted solution demonstrates a basic understanding of the problem by identifying the Hamil-
tonian and attempting to find the normal modes. However, it lacks a coherent and complete approach to
solving the problem. The solution does not reach a final expression for the entropy S, and there are significant
gaps in the reasoning, particularly in the calculation of the reduced density matrix and the entropy. The
solution does not effectively utilize the diagonalization of the Hamiltonian or the properties of Gaussian states
to compute the entropy. Additionally, the solution is verbose and lacks focus, with many speculative and

incomplete thoughts. The correct frequencies w; =/ % and wg =/ ’“—rjg are identified, but the solution does
not proceed to use these to find the entropy as in the standard solution.

Attempt 5 (2025-02-01T04:56:29.7624527)

Detailed Solution: Alright, I've got this problem about a coupled simple harmonic oscillator, and I need
to find the entropy S of the reduced density matrix. It’s a bit intimidating at first glance, but I'll take it step
by step. Let’s start by understanding the problem and then devise a plan to solve it.

Understanding the Problem

We have a system of two coupled harmonic oscillators described by the Hamiltonian:

21 (p} 2 (21— 22)*
H7;§(E+kwi)+g 5
This Hamiltonian consists of the kinetic and potential energies of two oscillators, plus an interaction term
that couples them through their displacement difference.
We're given the ground state |[Q2) of this system and need to find the entropy S of the reduced density matrix
p, which is obtained by tracing out the degrees of freedom associated with zs.
The entropy is defined as:

S = ~Try, [pln ]

So, my goal is to compute this entropy.

Devise a Plan

To tackle this problem, I need to follow these steps:

1. Diagonalize the Hamiltonian: Find the normal modes of the coupled oscillators to simplify the
Hamiltonian into uncoupled oscillators. This will make it easier to find the ground state.

2. Find the Ground State: Determine the ground state |2) in terms of the normal mode coordinates.
3. Construct the Reduced Density Matrix: Trace out the x2 degrees of freedom to obtain p.

4. Compute the Entropy: Calculate the entropy S using the reduced density matrix.

Let’s start with the first step.

Step 1: Diagonalize the Hamiltonian

The Hamiltonian is:

21 (pi , 2), (m1-2)?
H=) —|= +kxj|+9g—7——
;Q(m )T

First, let’s write this in matrix form. The kinetic and potential energy terms can be expressed in terms of
the position and momentum operators.
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The kinetic energy term is:

The potential energy term is:

12 _ s (z1-x2)* 1 k+g -9 \[=1
V—ii;kxi+972 —§(z1 1‘2) e |

So, the Hamiltonian can be written as:

_ _ 1 1 0)(p: 1 k+g —-g 1
H—T+V—2m(p1 pz)(o 1)(p2)+2(:1:1 xz)(ig k+g)\ze

To diagonalize this, we need to find the normal modes. This involves finding the eigenfrequencies and
eigenvectors of the system.
Let’s define the matrix:

_[m O _[k+g g
M‘(O m)’ K‘(*g ’HQ)

MX+KX=0

The equations of motion are:

Assuming solutions of the form X oc e’ we get:

(K-w’M)X =0

So, the eigenfrequencies w satisfy:

det(K - w’M) =0
Plugging in M and K:
— 2 p—
det(k+g w'm g2 ):0
-9 k+g-w
This gives:

(k+g-w'm)®-¢>=0
(k+g-w'm)’=g"

k+g-w’m=xg

So, we have two solutions:

2 2 _ &k
LLk+tg-w'm=g w* ="
2. k+g-w’m=—g wzzk%g

Thus, the eigenfrequencies are:

k [k+2g
w1 = = wo = S
m m

Next, we find the eigenvectors corresponding to these frequencies.

For wq = %:

2 _ k+g-k -g (9 -9\ _
(K wlM)X70:>( g k+g—k)X7( )X70
This gives the equation:

gr1—gr2=0=T1 =22
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So, the eigenvector is (1)

Forwgzy/%:
I ~ k+g-(k+2g) - (-9 -9}y _
(K sz)X—O:( g k+g- (k+2g) X = X=0
This gives:

—gr1—gr2=0=21 = -2

1
Now, we can define the normal coordinates g1 and g2 as linear combinations of x; and x2:

() -4(:)

. (1
So, the eigenvector is (_

Where A is the matrix of eigenvectors:

So,

Similarly, for momenta:
()
P2 Pq2
Pa1) _ 4-1(P1 :}1 1)\ (p1
Dq2 D2 2\1 -1)\p2

Now, express the Hamiltonian in terms of g1, g2, pq1, and pg2:

2
Pqi 2 2
H= + —Mmw;
; S T 5 Wi i
Substituting wi and wa:
2 2
Pap 1 9290 Doz 1 59
H=—+- + ==+ =
2 2mW1Q1 om 2m 292

2
1

=—+ -k — +—(k+2

2m+2ql+2m+2(+g)q2

This is now a sum of two uncoupled harmonic oscillators.

Step 2: Find the Ground State

The ground state of the system in the normal mode coordinates is the tensor product of the ground states of
the individual oscillators.

For a harmonic oscillator with frequency w, the ground state wave function is:

mw\ 4 _mwe?
- e 2h
mh

Yo(q) = (

So, the ground state of the combined system is:

[2) = |wq1,0) ® |wyz,0)
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Where |wgi, 0) is the ground state of the i-th oscillator.

Step 3: Construct the Reduced Density Matrix

The reduced density matrix p is obtained by tracing out the z2 degrees of freedom from the full density matrix
12)(€2].

Given the expression:

p= [ daf [ dat [ dw(ja))er 21 (7] @ o () (NQ) (121)01 @ 10}z o1 (25])

This looks a bit complicated, but it’s essentially performing a partial trace over x».

In practice, this means integrating over x2, or in this case, over the eigenvalues w of Z2.

To simplify, let’s express everything in terms of the normal coordinates g1 and g2, since the Hamiltonian is
diagonal in these coordinates.

First, express 1 and z2 in terms of ¢1 and gs:

_ CJ1+Q2’ i = q1 — Qg2

2 2
Similarly, express the position eigenstates |z1) and |z2) in terms of |g1) and |g2).
However, this change of variables might be too involved. Perhaps there’s a better way to approach the partial
trace.
Alternatively, since the system is composed of two uncoupled oscillators in the normal coordinates, the density
matrix in the normal coordinates is a product state:

x1

192) = wq1,0) ® [wq2,0)

Thus, the density matrix is:

[N = |wq, 0){wq1, 0] ® [wg2, 0){wq2, 0|
Now, to trace out x2, which corresponds to one of the normal coordinates, say ¢z, because 2 is related to
both ¢1 and g¢2.
Wait a minute, actually, z2 is a linear combination of g1 and g2, so tracing out x5 is not directly equivalent
to tracing out one of the normal coordinates.
This seems tricky. Maybe it’s better to stick to the original coordinates for the partial trace.
Let’s consider the density matrix in the position representation:

p(at, 1375, 23) = (27 |(22 Q) Q1) |z2)

The reduced density matrix p,, is obtained by integrating out z:

pur(af,at) = [ doap(al, it wa, )

But in the problem statement, the expression for p seems to involve a different kind of partial trace, involving
the eigenstates |w)q,.

Perhaps it’s best to interpret p as the partial trace over x2, which in the position representation would indeed
involve integrating over xs.

Given that, I can proceed by computing the reduced density matrix in the z; basis.

First, find the wave function of the ground state in the original coordinates.

Given that the Hamiltonian is quadratic, the ground state is a Gaussian wave function in z; and xs.

The general form of the ground state wave function for a two-dimensional harmonic oscillator with interaction
is:

1/2 2 2
o (@1, w2) = (E) e (@i+e3)/2
™

But with the coupling, it’s more involved. Perhaps I should express it in terms of the normal coordinates.
Lets denote the ground state wave function in terms of g1 and ga:

/4 mwqq? /4 mwge2
mwi _ RG] mws _mwaay

¢0(Q1,q2):( ) g = X( ) @ =
7h 7h

Now, express ¢1 and ¢z in terms of x1 and x2:

q1 =21 +%2, (G2=T1—T2
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Wait, earlier I had:
) (1 1)\([x: =3 o
S el FREY J PO q1=%1+T2, (2=T1—T2

R L R L
wh wh
Wait, this doesn’t seem right. The transformation should account for the Jacobian.
Actually, when changing variables in the wave function, I need to consider how the wave function transforms
under the coordinate transformation.
Given that:

So,

€

The inverse transformation is:

(wl) ) A_l (ql) )
2 q2
The Jacobian of the transformation is:

J = det(A7Y) = %

Therefore, the wave function in the original coordinates is:

Wo(x1,22) = vo(qr, ¢2) - [J7% = vo(q1, g2) - 2'/°
Substituting ¢1 and g2 in terms of x1 and x2:

2 2
i T L e

mh 7h
This seems quite involved. Maybe there’s a better way to find the reduced density matrix.
Alternatively, since the system is composed of two uncoupled oscillators in the normal coordinates, the density
matrix is a product state in those coordinates. Tracing out one of the oscillators should give a thermal state
for the remaining oscillator.
Wait, but in this case, it’s a ground state, so tracing out one oscillator should give a mixed state for the other.
Let me recall that for two uncoupled harmonic oscillators in their ground states, the reduced density matrix
for one oscillator is just the density matrix of that oscillator, which is pure. But in this problem, because of
the coupling, it’s different.
Actually, after diagonalizing the Hamiltonian, the system is uncoupled, so perhaps the reduced density matrix
is straightforward.
Wait, perhaps I need to consider the relationship between x1 and the normal coordinates.
Let me try to express x; in terms of ¢1 and g2:

o = a1+ Q2
2
Similarly,
i = q1 — Q2
2 2

So, x1 is a linear combination of ¢; and ga.

Given that, perhaps I can express the reduced density matrix by integrating out z2, which corresponds to
integrating out go.

Wait, but z2 is related to both ¢1 and g2. Maybe it’s better to work in the normal coordinate basis.
Alternatively, perhaps I can use the fact that for Gaussian states, the reduced density matrix is also Gaussian,
and its properties can be derived from the covariance matrix.

Given that the ground state of a harmonic oscillator is Gaussian, and the coupling is quadratic, the ground
state remains Gaussian.

So, perhaps the reduced density matrix is also Gaussian, and I can compute its variance to find the entropy.
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Let me look into this approach.

Step 4: Compute the Entropy

Given that the state is Gaussian, the entropy can be computed from the covariance matrix.

First, find the covariance matrix of the full system in the ground state.

For a quantum harmonic oscillator, the uncertainty in position and momentum is related to the ground state
spread.

In general, for a quantum system, the covariance matrix elements are:

1
oij = 5({7«1,@}) = (ri)(rj)

Where 7; and r; are the phase space variables (position and momentum).
For the ground state, the expectation values of positions and momenta are zero, so:

1
oij = §<{T¢a7‘j})

In the normal coordinates, the covariance matrix will be diagonal.

Alternatively, perhaps it’s easier to compute the reduced density matrix in the 1 basis and then compute its
entropy.

Let me try to compute the reduced density matrix pz, .

Given that the full density matrix is [2)(€|, the reduced density matrix is:

Py = Tra, [|Q)(Q]
In the position representation, this is:
Pz (‘r,{?x,l) = f de 1/}0(‘,1;’1’7 '172)1/}8(:1:’17:1;2)

Where ¢o(z1,z2) is the ground state wave function.
From earlier, we have:

mwy \ M4 _mws g ren)? mws \ M4 _mwy(eq-22)?
1/,0(1;17 xz) = e 1h x e an
mh mh

So,

"o muy \ M4 _merGlren)? (g, \VA _mea@lmaa)® iy \UA _mer@lren? (g, \ V4 mesl-en)?
Pz, (T ,77) = dxo ry e In — e In x — e iR — e IR

This looks quite complicated. Maybe there’s a better way.

Alternatively, since the ground state is Gaussian, the reduced density matrix will also be Gaussian, and its
covariance matrix can be obtained by partial tracing.

In quantum information theory, for Gaussian states, the von Neumann entropy can be computed directly
from the covariance matrix.

Let me recall that for a Gaussian state, the entropy is related to the symplectic eigenvalues of the covariance
matrix.

But this might be too advanced for my current level. Maybe I can find a simpler way.

Let me consider that in the normal coordinates, the system is uncoupled, and the density matrix is a product
state.

So, |Q> = |wq17 0) ® |wq27 0)

Tracing out x> is equivalent to tracing out one of the normal coordinates, since xs is a linear combination of
¢1 and qo.

Wait, perhaps it’s better to express x2 in terms of g1 and g2, and then perform the partial trace.

Given that z2 = #4522, tracing out z2 would involve integrating over 2, which corresponds to integrating over
combinations of g1 and g».

This seems too convoluted. Maybe I should look for a different approach.

Let me consider that the reduced density matrix p,, can be written in terms of the expectation values of the
position and momentum operators for x;.

Given that, perhaps I can compute the expectation values (z1), (p1), (x3), (p1), and (z1p1), and use these to
construct the covariance matrix for x1 and p;.

Then, the von Neumann entropy for a Gaussian state is given by:
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S-lo Vdet o
T8\ a2
Where o is the covariance matrix.
Wait, I need to be careful with the formula for the entropy of a Gaussian state.
Actually, for a single mode Gaussian state, the von Neumann entropy is:

S = %log (2weho)

Where o is the uncertainty in position or momentum, depending on the convention.

But I need to verify this.

Alternatively, perhaps I should look up the formula for the entropy of a Gaussian state in terms of its
covariance matrix.

Given time constraints, I'll assume that the reduced density matrix is Gaussian and compute its covariance
matrix in terms of 1 and pi, and then use the known formula for the entropy.

First, let’s compute the covariance matrix elements.

The covariance matrix o for the reduced system is a 2x2 matrix with elements:

o = () - (01, om= ()= ()’ onz =om = 5 ({@n, ) - (m)(m)

For the ground state, the expectation values of positions and momenta are zero, so:

1 1
o1 =(z1), o22=(p), o12= 5({:}61,1)1}) = 5(9611)1 +p121)

In quantum mechanics, for canonical variables, (zp + pz) = 2ih, but I need to verify this.
Actually, for the ground state of a harmonic oscillator, the uncertainty product is 0,0, = h/2, and (zp +pz) =
2ih.
Wait, no. In fact, for canonical variables, [z,p] = ih, and the anticommutator is {z,p} = zp + pz.
The expectation value ({z,p}) = 2(zp), but in the ground state, (zp) = 2, so ({z,p}) = ih.
Therefore,
1 ih

012 = B x ih = B
But covariance matrices are real and symmetric, so perhaps I need to consider only real parts.
Wait, in quantum mechanics, the covariance matrix can have imaginary parts due to the uncertainty principle.
Actually, in the context of Gaussian states, the covariance matrix is defined differently, incorporating both
position and momentum variables.
Let me recall that the covariance matrix o for a quantum system is defined as:

1
0ij = 5({7’1'777}) = (ri){(r;)

Where r; and r; are the phase space variables.
In our case, since we're dealing with a single degree of freedom x1 and pi, the covariance matrix is:

:( (z1) (5511291))
(p1z1)  (p7)
In the ground state, (z1) =0, (p1) = 0, so this simplifies to:

_( (=) (zapr)

7" (<p1m1> 5 )

Now, using the commutation relation [z1,p1] = th, we have:

{(z1p1) = (p121) = ih

Therefore,

(zip1) = %({Ihm})—.— —0- — __th
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1 ih ih  ih
(pan) = S{lpLe)) v 5 =0+ 5= 2

Wait, this seems off. Let’s correct it.
Actually, the anticommutator is:

{$1,p1} =Z1p1 + P11

In the ground state, (z1p1 + p1z1) = 0, because the ground state is real and even.
Therefore,

(z1p1) + (pr21) = 0 = (T1p1) = —(P171)
Also, from the commutator:

(z1p1) = (prz1) = ih
Solving these two equations:
Let a = (z1p1), b= (p121)

Then:
a+b=0
a-b=1h
Solving, a = %, b= —%
Therefore,
ih ih
{zip1) = o, (pran) =-—

But this seems inconsistent with the earlier statement that (zp + px) = 0. Let’s clarify.
Actually, for the ground state of a harmonic oscillator, (zp + pz) = 0, and (zp — px) = th, which implies:

R

(w:D):i (px) = 3

2

7" (<z§f2> %%1 >) ) (<—x—) <j>)

However, covariance matrices are typically real and symmetric. In quantum mechanics, the proper way to
define the covariance matrix is in terms of the symmetric correlation functions.

Perhaps I need to use the symplectic eigenvalues to compute the entropy.

Alternatively, perhaps I should look up the formula for the entropy of a reduced Gaussian state.

Given time constraints, I’ll assume that the entropy S for a reduced single-mode Gaussian state is given by:

Now, the covariance matrix is:

S = %log (2weho)

Where o is the uncertainty in position or momentum, whichever is relevant.

But I need to verify this.

Alternatively, perhaps I should use the purity of the reduced density matrix to find the entropy.

Wait, maybe it’s better to compute the entropy directly from the density matrix.

Given that p is Gaussian, and knowing its covariance matrix, the entropy can be computed using standard
Verification Results:

Auto verification result ([2025-02-18T05:49:52.067407+00:00’]) Status: Incorrect

Evaluations:
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Evaluated by gpt-4o0 (2025-02-03T22:39:54.396666Z) Grade: C

Notes: The submitted solution demonstrates a basic understanding of the problem, including the need to
diagonalize the Hamiltonian and find the normal modes. However, it lacks clarity and coherence in the
execution of steps, particularly in constructing the reduced density matrix and computing the entropy. The
solution does not reach a final answer equivalent to the standard solution. There are significant issues with
the application of concepts related to Gaussian states and covariance matrices, and the solution does not
effectively utilize the symplectic eigenvalues or the correct formula for entropy. The approach has some merit,
but it is incomplete and contains major flaws.
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2.2.8 Model: chatgpt-4o-latest
Attempt 1 (2025-02-02T03:22:06.8254307Z)

Detailed Solution: Step 1: Understand the Problem

We are tasked with computing the von Neumann entropy S of the reduced density matrix p, which is obtained
by partially tracing over the z2 degrees of freedom of the ground state |2) of a coupled harmonic oscillator
system. The Hamiltonian is given by:

2

Z1(p 2 (z1 - m2)*
H=) | = +kaj | +g———.
gz(m )T

The von Neumann entropy is defined as:

S =-Try, [plng].
Step 2: Analyze the Hamiltonian and Ground State

_ 2
% introduces a

The Hamiltonian describes two coupled harmonic oscillators. The coupling term g
correlation between the two oscillators. To solve the problem, we need to:

1. Diagonalize the Hamiltonian to find the normal modes of the system. 2. Compute the ground state
wavefunction |Q2) in terms of the normal modes. 3. Trace out the x2 degree of freedom to obtain the reduced
density matrix p. 4. Compute the von Neumann entropy S.

Step 3: Diagonalize the Hamiltonian

The Hamiltonian can be rewritten as:

1 1
H = %(pf +p§) + 5 [ka:? + ks +g(z1 —x2)2].

Expanding the coupling term:

g(x1 - x2)2 = gxf - 29122 + gazg.

Thus, the potential energy becomes:

1
V=5 [(k+9)zi + (k+ 93 - 2g2122] .

The cross term —2gx;x2 indicates coupling between x1 and x2. To diagonalize the Hamiltonian, we introduce
normal mode coordinates:

T+ X2 Tl — T2
X = Y =

V2 V2

In terms of X and Y, the potential energy becomes:

1 2 2
V==|(k+29)Y"+kX"|.
5 [(k+29)Y" + kX7]
The kinetic energy remains separable in X and Y. Thus, the Hamiltonian becomes:
H-= L(Pf( +P2) + 1 [kX?+ (k+29)Y?].
2m 2

This describes two independent harmonic oscillators with frequencies:

[k [k +2g
wx = —, Wy = o
m m
Step 4: Ground State Wavefunction

The ground state wavefunction of the system is a product of the ground state wavefunctions of the two normal
modes:

Ya(X,Y) = vx (X)yv (Y),

where:

mwx )1/4 _mwy X2
e

Th o wr(¥)- (

2
mwy 1/4 _an};"Y

e 2
7h

v () =
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Transforming back to z; and z2, the ground state wavefunction becomes:

1/4 1/4 (w1+39)? (z1-25)?
Yo (w1,72) = (mWX) / (me) : 6_%[%( ey S5 ]
7h mh

Step 5: Reduced Density Matrix
The reduced density matrix p is obtained by tracing out z2:

p(x1,27) = fd$21/)n(9617$2)1/15($'1,$2)-
Substituting ¥o(x1,x2), the integral can be evaluated to yield a Gaussian form for p. The result is:

m —m&Q 2, 2y mQ’ ’
A / Ti+T 1T
P(-Tlvl’l) = — ¢ 2h \P1TT1 /TR 1

wh

Q| BEX29) o 9
m(k +g) k+g
Step 6: Von Neumann Entropy

The eigenvalues of p are related to the thermal occupation numbers of a single harmonic oscillator with
frequency 2. The von Neumann entropy is:

where:

S=—anlnpn,

where p, are the eigenvalues of p. For a Gaussian state, the entropy is:

()

Substituting Q' = k%g, we find:

Final Answer (Symbolic):

Step 7: Python Code Implementation
Below is the Python code to compute the entropy S:

import math

def entropy(k: float, g: float, m: float) -> float:
mnn
Compute the von Neumann entropy of the reduced density matrix for a coupled
harmonic oscillator.

Parameters:

k (float): Spring constant of the oscillators.

g (float): Coupling constant between the oscillators.

m (float): Mass of the oscillators (not used in the entropy formula).

Returns:
float: The von Neumann entropy S.
if g >= k:
raise ("The coupling constant g must satisfy g < k to ensure
stability.")
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S = math.log(math.sqrt((k + g) / (k - g)))
return S

Final Answer (Python Code):

import math

def entropy(k: float, g: float, m: float) -> float:

nwnn

Compute the von Neumann entropy of the reduced density matrix for a coupled
harmonic oscillator.

Parameters:

k (float): Spring constant of the oscillators.

g (float): Coupling constant between the oscillators.

m (float): Mass of the oscillators (not used in the entropy formula).

Returns:

float: The von Neumann entropy S.
mnn

if g >= k:
raise ("The coupling constant g must satisfy g < k to ensure
stability.")

S = math.log(math.sqrt((k + g) / (k - g)))
return S

Verification Results:

Auto verification result ([2025-02-18T05:49:52.068013+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:02.137960Z) Grade: C
Notes: The submitted solution shows a basic understanding of the problem and correctly identifies the need

to diagonalize the Hamiltonian and compute the von Neumann entropy. However, there are significant issues:

1) The final expression for the entropy S = ln( ﬁ%i) is incorrect compared to the standard solution, which

involves a more complex expression involving wi and ws. 2) The approach to finding the reduced density
matrix and the entropy lacks the detailed steps and transformations present in the standard solution, such
as the use of ladder operators and the specific form of the Hamiltonian in terms of normal modes. 3) The
Python code provided does not match the complexity of the problem as solved in the standard solution and
does not account for the detailed derivation of the entropy expression. Overall, while the approach has some
merit, it fails to capture the full complexity and correctness of the standard solution.

Attempt 2 (2025-02-02T03:22:26.395715Z)

Detailed Solution: Step 1: Understanding the Problem

We are tasked with computing the von Neumann entropy S of the reduced density matrix p for a coupled
harmonic oscillator system. The Hamiltonian describes two coupled oscillators, and the reduced density
matrix is obtained by tracing out the degrees of freedom associated with xz3. The entropy S is given by:

S =Ty, [plnp].

Step 2: Analyzing the Hamiltonian
The Hamiltonian is:

2 1(p , 2), (z1-x2)
H=) —|= +kaj | +g————.
;2(771 )T

2
The coupling term g% introduces a correlation between the two oscillators. To simplify the problem,

we rewrite the Hamiltonian in terms of normal modes.
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Normal Mode Analysis
Define the center-of-mass coordinate X and relative coordinate x:

Xﬁx1+x2 7£E1—$2
V2 V2
The corresponding momenta are:
P1+p2 P1—p2
Px=——— P,=——F.

vzt Ve

In terms of these variables, the Hamiltonian becomes:
1 { P% 1(P?
H=-=Z+0%X? )+ 2| = +w22”),
2\ m 2\ m

where the normal mode frequencies are:

k k+2g
wx =\[—, wWe=\/—.
m m

Thus, the system decouples into two independent harmonic oscillators: one with frequency wx and the other
with frequency wy.

Step 3: Reduced Density Matrix

The ground state of the system is the product of the ground states of the two independent oscillators:

2) = [0)x ®[0)a.

The reduced density matrix p is obtained by tracing out the x2 (or equivalently x) degrees of freedom. For
a Gaussian state, the reduced density matrix is also Gaussian, and its entropy depends on the symplectic
eigenvalues of the covariance matrix.

Covariance Matrix and Symplectic Eigenvalues

The covariance matrix of the full system in the ground state is:

o (< {27) ($1f2)).

zow1)  (x3)

From the normal mode decomposition, the variances are:

(X% = D (2=
2mwx 2muws,
Transforming back to the original coordinates:
X2y + (22 X2y + (22 X2y - (2?
G/ R P/ B N o B

The symplectic eigenvalue v of the reduced covariance matrix is:

v = /(22)(23) - (z122)2.

oo ) - (- )
- 2mwx  2mwsy 2mwx  2mwg )

h 1
v=— .
2m V wxwe

Substituting the variances:

Simplify:

Entropy of the Reduced Density Matrix
The von Neumann entropy for a Gaussian state is:

sefpe (o) -l

Substitute v = 2L L_ into this expression.
m wx Wy

Step 4: Python Implementation
The final Python implementation computes S given k, g, and m.
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import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Define the angular frequencies
omega_X = np.sqrt(k / m)
omega_x = np.sqrt((k + 2 * g) / m)

# Compute the symplectic eigenvalue
hbar = 1.0 # Planck’s constant (set to 1 in natural units)
nu = (hbar / (2 * m)) * np.sqrt(1 / (omega_X * omega_x))

# Compute the entropy

terml = (nu + 0.5) * np.log(nu + 0.5)
term2 = (nu - 0.5) * np.log(nu - 0.5)
S = terml - term2

return S

Final Answer: The von Neumann entropy S is computed using the above Python function.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.068527+00:00’]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:09.8444237) Grade: C

Notes: The submitted solution demonstrates a basic understanding of the problem by identifying the need to
compute the von Neumann entropy of the reduced density matrix for a coupled harmonic oscillator system.
However, there are significant issues in the approach. The solution correctly identifies the normal mode
frequencies as wx = % and wy = %, which matches the standard solution’s wi; and ws. The solution
attempts to compute the entropy using the symplectic eigenvalue v, but the expression for v is incorrect. The
standard solution involves a more complex derivation involving partial traces and matrix diagonalization,
which is not addressed in the submitted solution. Additionally, the final entropy expression in the submitted
solution does not match the standard solution’s final answer. The Python implementation is a good attempt
but lacks the correct mathematical foundation from the standard solution.

Attempt 3 (2025-02-02T03:22:47.9695757)

Detailed Solution: Step 1: Understand the Problem

We are tasked with computing the von Neumann entropy S of the reduced density matrix p, which is obtained
by tracing out the x2-degree of freedom from the ground state |2) of a coupled harmonic oscillator system.
The Hamiltonian is given as:

21 P2 2 («’171—932)2
H = —| = +kxl | +g——.
;2(m )T

The von Neumann entropy is defined as:

S =-Try, [plng].
We will compute this entropy symbolically and then implement the result in Python.

Step 2: Analyze the Hamiltonian and Ground State
The Hamiltonian describes two coupled harmonic oscillators. Let us rewrite it in terms of the coupling:

1 o9 o 1 2 2
H=—(pi+ + —(k+g)(x] +23) — gr122.
zm(pl P32) 2( g)(z1 2) — gT1T2
The coupling term —gxi1x2 indicates that the oscillators are not independent. To simplify the problem, we

diagonalize the Hamiltonian by introducing normal modes.
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Normal Modes
Define the center-of-mass and relative coordinates:

X71'1+£E2 72?1—1'2
V2 V2

In terms of these coordinates, the Hamiltonian becomes:

H = QL(p)% +P€,)+%[(k+g)X2+(k+zg)Y2],
m

where Px and Py are the conjugate momenta for X and Y, respectively. This Hamiltonian describes two
independent harmonic oscillators with frequencies:

k k+2
wx = Y9y =r /R
m m

The ground state of the system is a product of the ground states of these two oscillators:

|2) = 0)x ®[0)y.
Step 3: Reduced Density Matrix
The reduced density matrix p is obtained by tracing out the x2-degree of freedom. In terms of the normal
modes, this corresponds to tracing out the Y-degree of freedom. The reduced density matrix for the X-
oscillator is Gaussian, with a covariance matrix determined by the ground state wavefunction.
The von Neumann entropy of a Gaussian state is given by:

<o 3nlr-)-o-2)ufe-3).

where v is the symplectic eigenvalue of the reduced covariance matrix.

Step 4: Symplectic Eigenvalue
The symplectic eigenvalue v is related to the frequencies of the oscillators. For the reduced density matrix of

the X-oscillator, v is given by:
DI o
~ 9 wx T2 k+g ’

Step 5: Von Neumann Entropy
Substituting v into the entropy formula:

g (L [k*+20 1) (1 [k+29 1) (1 [k+2g 1), (1 [k+2g 1
“\2V k+g 2 2V k+g 2 2V k+g 2 2V k+g 2]

This is the symbolic expression for the von Neumann entropy.

Step 6: Python Implementation
We now implement the above formula in Python. The function will take k, g, and m as inputs and return
the entropy S.

import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Compute the symplectic eigenvalue
nu = 0.5 * np.sqrt((k + 2 * g) / (k + g))

# Compute the von Neumann entropy
terml = (nu + 0.5) * np.log(nu + 0.5)
term2 = (nu - 0.5) * np.log(nu - 0.5)

S = terml - term2

return S
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Final Answer:
The von Neumann entropy is given by:

1 [k+2g 1 1 [k+2g 1 1 [k+2g 1 1 [k+2g 1
o ) I S I P “1).
o (2 T +2) n(2 e +2) (2 kvg 2] ™2V k+g 2

Python implementation:

import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Compute the symplectic eigenvalue
nu = 0.5 * np.sqrt((k + 2 *x g) / (k + g))

# Compute the von Neumann entropy
terml = (nu + 0.5) * np.log(nu + 0.5)
term2 = (nu - 0.5) * np.log(nu - 0.5)
S = terml - term2

return S

Verification Results:

Auto verification result ([2025-02-18T05:49:52.069316+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:16.083231Z) Grade: C

Notes: The submitted solution shows a basic understanding of the problem by identifying the need to compute
the von Neumann entropy of the reduced density matrix. It correctly identifies the Hamiltonian and attempts
to diagonalize it using normal modes. However, the final expression for the entropy differs significantly from
the standard solution. The standard solution involves a detailed calculation of the reduced density matrix
and its eigenvalues, leading to a specific expression for the entropy involving logarithms of frequency ratios.
The submitted solution instead uses a symplectic eigenvalue approach, which is not equivalent to the standard
solution’s result. The approach has some merit, but it lacks the detailed steps and correct final expression
found in the standard solution.

Attempt 4 (2025-02-02T03:23:09.3023407Z)

Detailed Solution: Step 1: Understand the Problem We are tasked with computing the von Neumann
entropy S of the reduced density matrix p for a coupled harmonic oscillator system. The Hamiltonian
describes two coupled oscillators, and the reduced density matrix is obtained by tracing out the degrees of
freedom associated with z2. The entropy S is given by:

S =-Try, [plnp].
Step 2: Analyze the Hamiltonian The Hamiltonian is:

21 (p} . 2 (z1 - m2)*
H=Y | = +kaj | +g——.
;2(771 )T

2
The coupling term gm introduces interaction between the two oscillators. To simplify the problem, we
diagonalize the Hamiltonian by introducing normal modes.
Normal Modes Define the center-of-mass coordinate X and relative coordinate x:

X_CIZ'1+J)2 x_x1—CIZ'2
V2 V2
The corresponding momenta are:
P1+p2 p1—p2
Px=—+—— PFP,= .

V2 V2
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In terms of these variables, the Hamiltonian becomes:
2
H=—- PX+(/<;+ )X 1 &+(k+29)x2 .
2 2 m

k+g

This describes two independent harmonic oscillators: 1. A center-of-mass mode with frequency wx = =

2. A relative mode with frequency w, = /%22,

Ground State Wavefunction The ground state Wavefunctlon of the system is a product of the ground state
wavefunctions of the two independent oscillators:

Vo(X,z) = ¥x (X)Yu(z),

where:

mwx 4 mwxx? mwy Y4 mwga®
€ e 2h .

(0 = (X)L () - (S

Step 3: Reduced Density Matrix The reduced density matrix p is obtained by tracing out the z» degrees
of freedom. In terms of the normal modes, this corresponds to tracing out the relative coordinate x. The
reduced density matrix in the x;-basis is:

p(xl,m'l):fdxkl’a(xl,m)\llg(x'l,a:).

Using the transformation to normal modes:

the wavefunction becomes:

oo (5] (7]

Substituting the explicit forms of ¥x and 1, and performing the Gaussian integral over x, we find that
p(z1,77) is a Gaussian function:

=\ 1/2 . w
7 mw _mw 2+ 2 mw YX acl:c
p(z1,21) = (— e 2n (I e) o Th Sxror '

wh

where:

W =\/WwxWsg.
Step 4: Von Neumann Entropy The reduced density matrix jp corresponds to a thermal state of a single
harmonic oscillator with effective frequency w. The von Neumann entropy for such a state is:

S:ln(in+wx)

wWx — Wz

Final Answer (Symbolic Expression):

Step 5: Python Implementation Below is the Python implementation of the entropy calculation.

import math

def entropy(k: float, g: float, m: float) -> float:
mnn
Compute the von Neumann entropy of the reduced density matrix for a coupled
harmonic oscillator.

Parameters:

k (float): Spring constant of the uncoupled oscillators.
g (float): Coupling constant between the oscillators.

m (float): Mass of the oscillators.
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Returns:
float: The von Neumann entropy.

nwnn

omega_X = math.sqrt((k + g) / m)
omega_x = math.sqrt((k + 2 * g) / m)
return math.log((omega_X + omega_x) / (omega_X - omega_x))

Example usage:
print (entropy (1.0, 0.5, 1.0))

This function computes the von Neumann entropy S given the spring constant k, coupling constant g, and
mass m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.069739+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:22.841085Z) Grade: C

Notes: The submitted solution shows a basic understanding of the problem and correctly identifies the need
to diagonalize the Hamiltonian using normal modes. However, there are significant issues with the final
expression for the von Neumann entropy. The standard solution derives the entropy as a function of the
frequencies w; and ws, which are related to the spring constants and coupling. The submitted solution

M), which does not match the standard solution’s final

wWx —We
expression. The approach to diagonalizing the Hamiltonian and computing the reduced density matrix is
partially correct, but the final entropy expression is incorrect. Additionally, the Python implementation
reflects this incorrect formula. The solution lacks the detailed derivation steps present in the standard

solution, leading to the incorrect final result.

incorrectly computes the entropy as S = ln(

Attempt 5 (2025-02-02T03:23:28.687105Z)

Detailed Solution: Step 1: Understand the Problem
We are tasked with computing the von Neumann entropy S of the reduced density matrix p for a coupled
harmonic oscillator system. The Hamiltonian describes two coupled oscillators, and the reduced density
matrix is obtained by tracing out the degrees of freedom associated with x2. The von Neumann entropy is
defined as:

S =-Try, [pInp].

The problem involves: 1. Diagonalizing the Hamiltonian to find the eigenstates and eigenvalues. 2. Using
the ground state wavefunction to compute the reduced density matrix p. 3. Calculating the von Neumann
entropy S from the eigenvalues of p.

Step 2: Diagonalization of the Hamiltonian

The Hamiltonian is given by:

2 1(p o), (z1-x2)
H=) —|= +ka; | +g————.
,;2(m )T

(z1-22)%

3 can be expanded as:

The coupling term g
(21 - x2)?

5 =%(w%—2w1x2+x§).

Thus, the Hamiltonian becomes:

2 2
1
H- (& + pﬁ) ty [(k+g)zT + (k + g)x3 - 2ga122].
m

m

N =
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This can be written in matrix form as:

H:%[m pz][

o3|~
3|~
—
|l
b3
N =
| S
+
| —
—
S
=
8
[\V)
i
| |
l?r
o *
Q
w|
+
(Qte
—
| summm—
8 8
[
| S

The potential energy matrix is:
K- [k +g9g -g ] '
-9 k+g

Diagonalizing K, we find the normal modes of the system.

Step 3: Normal Modes and Frequencies
The eigenvalues of K determine the normal mode frequencies. Solving the eigenvalue problem:

det (K - \I) =0,
we find:
A=k+g=+g.

Thus, the eigenvalues are:
)\1=/€, /\2=k+2g.

The corresponding normal mode frequencies are:

k [k +2g
w1 = —, wa = o
m m

The normal modes are linear combinations of x1 and xz3, corresponding to the center-of-mass and relative
motion of the oscillators.

Step 4: Ground State Wavefunction
The ground state wavefunction of the coupled system is a Gaussian:

\110(1'1,%2) = %e’%(cﬂX%ﬂuzX%)’

where X7 and X5 are the normal mode coordinates.

Step 5: Reduced Density Matrix
Tracing out x2, the reduced density matrix p is also Gaussian, with eigenvalues related to the normal mode
frequencies:

1T (1 _ -Bhws) —nBhw
p—g(l e 2)@ 2,

Step 6: Von Neumann Entropy
The von Neumann entropy for a Gaussian state is:

S:(1/+1)ln(1/+l)f(yfl)ln(yfl),
2 2 2 2
where v = %,/:—f.

Final Answer (Symbolic Expression)
The von Neumann entropy is:

where:

Python Code Implementation
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import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Compute the normal mode frequencies
omega_1 = np.sqrt(k / m)
omega_2 = np.sqrt((k + 2 * g) / m)

# Compute the parameter nu
nu = 0.5 * np.sqrt(omega_2 / omega_1)

# Compute the von Neumann entropy
terml = (nu + 0.5) * np.log(nu + 0.5)
term2 = (nu - 0.5) * np.log(nu - 0.5)
S = terml - term2

return S

This function computes the von Neumann entropy S for given values of k, g, and m.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.070292+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:40:33.224730Z) Grade: C
Notes: The submitted solution shows a basic understanding of the problem and correctly identifies the normal

mode frequencies wi = 4/ % and wa = \/ %29, However, it diverges significantly from the standard solution

in the calculation of the von Neumann entropy. The standard solution involves a detailed derivation of the
reduced density matrix p and its eigenvalues, leading to a specific expression for the entropy S. The submitted
solution uses a different approach, assuming a Gaussian form for p and a different expression for S, which does
not match the standard solution. Additionally, the Python code provided does not align with the detailed
steps of the standard solution, particularly in the entropy calculation. The approach has some merit but lacks
the necessary detail and correctness in the final entropy expression.
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2.2.9 Model: ol
Attempt 1 (2025—02—02T10:12:38.737034Z)

Detailed Solution:
Solution Outline:

Step 1: Diagonalize the Hamiltonian and identify the normal modes.

We begin with the Hamiltonian

Ly 2 (z1 - 22)*

A standard way to proceed is to define the normal-mode coordinates

T+ T2 T1 — T2

X, = ; X_ = 0]
’ V2 V2

with corresponding conjugate momenta P, = £ 1\;%’2 and P- = %. In these coordinates, one finds that
_ 1p2 2 1/ p2 2
H = 5(W +kX+) + 5(W + (k+2g)X_),

i.e., a sum of two independent harmonic oscillators with frequencies

k k+2g
wy =\ —, w- = .
m m

Step 2: Ground-state wavefunction and reduced density matrix.

Because the Hamiltonian separates into two decoupled harmonic oscillators in (X4, P;) and (X-, P-), its
ground state |[Q2) factorizes in the {X., X_} basis:

U(z1,22) = Ui (Xs) U (X),

where each V. is a Gaussian wavefunction for the respective normal mode. However, when viewed in the
original coordinates (x1, z2), the ground state does not factorize in terms of the subsystem coordinates x1
alone and z2 alone, implying entanglement between the two oscillators.

The reduced density matrix p for oscillator 1 is obtained by tracing out oscillator 2:

p = Tra, [|ONQ]-

Because the global ground state is Gaussian, this partial trace yields a single-mode Gaussian state for oscillator
1.

Step 3: Covariance matrix and symplectic eigenvalue v.

A convenient way to determine the entanglement entropy is via the local (i.e. reduced) covariance matrix of
(z1, p1). One finds that

(#3) = (XD +(X2) = & (L +2),
©3) = L({PD) +(P?)) = Z(ws+w.),

and (z1p1 + p1z1) = 0 for the ground state. Consequently, the reduced covariance matrix for oscillator 1 is
diagonal, and its determinant is

@ty - £ o)

Defining the single-mode symplectic eigenvalue as v = \/(z?) (p?), one obtains

Wy W—

Wi +w-

4 Sy w-

vV =
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Substituting w; = \/k/m and w- =+/(k + 2g)/m shows that the mass m cancels out in the dimensionless ratio,

leaving .
V= 1(\/@ * \/E)

and zero entanglement entropy, as expected for two uncoupled oscillators

1

If g = 0, then w, = w_, yielding v = 3

in a product state.

Step 4: Von Neumann entropy for a single-mode Gaussian state.

A single-mode Gaussian state of symplectic eigenvalue v > % has von Neumann entropy

W) = (v+ ) v+ 1) ~ (v-3) fw 1),

Hence the entanglement entropy of oscillator 1 with oscillator 2 in the ground state is

§ = T [pnp] = (v+ H)n(v+ 1) - (v-2) (- 1),

- 3 (VR Vi)

This completes the symbolic solution for the desired entropy S as a function of k and g (and one sees it does
not depend on m, once working in units with A = 1).

where

Final Symbolic Expression: S = (V+%)ln(y+%) = (y—%)ln(y—%), v = i( 1+%€3+;2g).

Python Implementation

Below is a complete Python function that computes the above entropy. Even though the mass m does not
appear in the final result, we keep it in the function signature as requested:

def entropy(k: float, g: float, m: float) -> float:

nwun

Computes the entanglement entropy S for the reduced state of one
of the two coupled harmonic oscillators in the ground state.

Parameters

k : float
The single-oscillator spring constant.
g : float

The coupling strength parameter.

m : float
The mass of each oscillator (does not affect the final value
in these chosen units, but included for completeness).

Returns
float
The entanglement entropy S.

nnn

import math

# Dimensionless ratio:
alpha = 1.0 + 2.0*g/k

# Symplectic eigenvalue nu for the single-mode Gaussian state:
nu = 0.25*(math.sqrt(alpha) + 1.0/math.sqrt(alpha))

# Entanglement entropy of a single-mode Gaussian with symplectic eigenvalue nu:
terml = (nu + 0.5)*math.log(nu + 0.5)

term2 = (nu - 0.5)*math.log(nu - 0.5)

return terml - term2
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Final Answer:

Verification Results:

Auto verification result ([2025-02-18T05:49:52.074211+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:14.521920Z) Grade: A
Notes: The submitted solution correctly diagonalizes the Hamiltonian using normal mode coordinates and

identifies the normal mode frequencies as w; = 4/ % and w- = k;fg, which matches the standard solution.

The solution then proceeds to calculate the reduced density matrix and the symplectic eigenvalue v, which
is used to compute the entanglement entropy S. The final expression for S in terms of v is consistent with
the standard solution’s approach to calculating the von Neumann entropy for a single-mode Gaussian state.
The Python implementation provided also correctly computes the entropy based on the derived expressions.
Overall, the solution demonstrates a clear understanding of the problem and provides a physically equivalent
result to the standard solution.

Attempt 2 (2025-02-02T10:14:12.4930347)

Detailed Solution:
Step 1. Understand the Problem

We have two coupled harmonic oscillators with Hamiltonian

2 2 2
H = 2%(% +kx3> + gi(xl_fg) .
Its ground state is |[©2). We define the operator p as the partial trace of the pure-state projector |2){(€2| over
the second oscillator’s degree of freedom (associated with the coordinate z2). The quantity of interest is the
von Neumann (entanglement) entropy

S = -Try, [pIngp].

Our goal is to find an explicit expression for S in terms of the parameters k, g, and m.

Step 2. Devise a Plan

1. Rewrite the Hamiltonian in terms of its normal modes to identify the normal-mode frequencies. 2.
Note that the ground state in normal-mode coordinates factorizes, but in the original coordinates (z1,z2) it
becomes entangled. 3. The reduced density matrix p for one oscillator in a two-mode Gaussian ground state

is known to be that of a thermal-like (mixed) state with an effective ”mean excitation number” n. 4. The
von Neumann entropy of a single-mode thermal state with average number 7 is

S =(Mm+1)In(R+1) - 7 ln(n).

5. Determine n by comparing the normal-mode frequencies and using standard formulas for two-mode
squeezed (Gaussian) states.

Step 3. Carry Out the Plan

(a) Normal Modes. Define the normal-mode coordinates

_ T1tZx2 — Z1-T2
v =~z * 73
and their conjugate momenta
P1tp2 _ P1-p2
b = TG p-==5"
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The Hamiltonian becomes

_ 1 (.2 2 k.2 k+2g 2
H = 2m(p++p_) + oxh + 52l

Hence, the two normal-mode frequencies are

_ k _ k+2g
W+ = \/E, w- = \/T.

(b) Reduced Density Matriz and Effective Occupation Number. In the ground state, the two modes are each
in their respective harmonic-oscillator ground states in (z+,z-)-space. Transforming back to (z1,z2) mixes
these modes and creates entanglement between the two original oscillators. A standard result for two coupled
harmonic oscillators in a pure Gaussian ground state is that tracing out one oscillator yields a thermal-like
state of the remaining oscillator with average excitation number

Ty i}

Since wy = \/k/m and w- = \/(k +2g)/m, their ratio is independent of m, viz. 2+ = /2. The above

w— k+2g°
formula then becomes
= _ 1 k+2g k _
= 4(\/ k. T\ krag 2)'

(c) Entanglement Entropy. The von Neumann entropy of a single-mode thermal state with mean occupation
n is

S = (n+1)In(n+1) - 7 ln(n).

Hence, for our coupled-oscillator ground state, the reduced entropy of either oscillator is
S = [ﬁ+1]ln[ﬁ+1] - nlnfa],
— 1 k+2 k
n = Z(\/Tg +* Vimsg T 2)-
Final Symbolic Expression

S = (ﬁ+1)ln(ﬁ+1) - ﬁln(ﬁ), where 7= i(\/kfg + ‘/k+k2g —2).

Python Code Implementation

where

Below is a self-contained Python function that takes in k, g, and m (though m will not affect the final
dimensionless ratio) and returns the entanglement entropy S.

def entropy(k: float, g: float, m: float) -> float:
import math

# Compute the dimensionless ratio alpha = sqrt((k+2g)/k).
alpha = math.sqrt((k + 2*g) / k)

# Compute the average occupation number \bar{mn}.
nbar = 0.25 * (alpha + 1.0/alpha - 2.0)

# If nbar is effectively zero (e.g. g = 0), return 0.0 directly
if abs(nbar) < le-14:
return 0.0

# Von Neumann entropy for a thermal state with mean occupation nbar.
S = (nbar + 1.0)*math.log(nbar + 1.0) - nbar*math.log(nbar)

return S

Final Answer: The entanglement entropy of the first oscillator (and similarly of the second) in the ground
state of the coupled system is

S = (a+1) n+1) — nlun), 7 = 4(\/@ . _2),

and is implemented in the provided Python function.
Verification Results:
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Auto verification result ([2025-02-18T05:49:52.074741+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:25.108977Z) Grade: A

Notes: The submitted solution correctly identifies the problem of finding the entanglement entropy for two
coupled harmonic oscillators. It follows a valid approach by diagonalizing the Hamiltonian to find the normal
modes and their frequencies, which are consistent with the standard solution: w; = v/ % and w- = k*—ﬂf".
The solution then uses the known result for the entanglement entropy of a thermal-like state with an effective

mean excitation number 7, which is derived correctly as 7 = i (\/ kfg +4/ kf2g - 2). The final expression

for the entropy S = (7 +1)In(n + 1) — 7 ln(72) is consistent with the expected form for a single-mode thermal
state. The Python code provided correctly implements this calculation. Overall, the solution is physically
equivalent to the standard solution and demonstrates a correct reasoning approach.

Attempt 3 (2025-02-02T10:16:32.5819727)

Detailed Solution:
Solution Explanation and Derivation

1. Understand the Problem

We have two coupled harmonic oscillators with coordinates x1 and z2 of equal mass m. The Hamiltonian is

2
2 2 _
1(pi 2 (21 -22)
H=>)|“+kz;| + g———
23 (m ) 97
Its ground state |Q2) is a Gaussian (vacuum) in the normal-mode basis but is entangled in the original (z1, z2)
basis. Tracing out oscillator 2 leaves a reduced density matrix p that acts on the x; Hilbert space. The
quantity we wish to compute is the von Neumann entanglement entropy:

S = —Trzl[ﬁ ln,é].

2. Devise a Plan

A standard way to compute the entanglement entropy of two coupled harmonic oscillators is to: 1. Diagonalize
the Hamiltonian in terms of normal modes. 2. Express the ground state in those modes (which factorizes
there). 3. Recognize that when reverting to the original coordinates (z1, z2), the resulting state is (generically)
entangled. 4. The partial trace (over z2) of a two-mode Gaussian ground state is a single-mode Gaussian
(thermal-like) state with some effective occupation number 7. 5. The von Neumann entropy of a thermal-like
single-mode state with mean occupancy 7 is a well-known formula.

3. Carry Out the Plan

Step A: Normal-Mode Frequencies
Define the center-of-mass coordinate

+ +
X:$1 T2 PX:pl D2

V2 V2

and the relative coordinate
y - Tl — T2 Py = P1 —Pp2
V2 V2

In these variables, the Hamiltonian becomes a sum of two decoupled harmonic oscillators,

2
H:&+EX2+
2m 2

P k+2g
2m 2

Y2
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Hence the two normal-mode frequencies are

[ k [k +2g
wx = —, Wy = .
m m

Step B: Ground State in Normal Coordinates and Entanglement

Although the ground state in (X,Y) coordinates factorizes as |[0x) ® |[Oy), it is entangled in the original
(x1,z2) basis. When we trace out the second oscillator (equivalently, trace out some mixture of (X,Y) that
corresponds to x2), the reduced state for oscillator 1 becomes thermal-like with mean excitation number 7.
A well-known result for two coupled harmonic oscillators of equal mass m shows that this mean occupancy 7
is given by

w? +w?

bl

I

4 W W—
where w; and w_ are the two normal-mode frequencies. In our case,

[k +2g [ k
Wy = , w- = —.
m m
A short calculation shows

/ VE(k+2
wi+w3=@+£ =M, Wi w- = 7k+2g E =M4
m m m e\ -

Thus -
ﬁ+l_wf+w3_ % _ kE+g
2 4wy w- 4 Y (k+29) 2 k(k+2g'
Hence

k+g 1

ov/k(k+2g °

Step C: Von Neumann Entropy of a Thermal-Like Single-Mode State

A single-mode state with mean excitation number 7 has von Neumann entropy
S = (n+1)In(A+1) - nln(n).

Therefore, combining everything, the entanglement entropy of the reduced state is

S = (n+1)In(rn+1) - @ ln(n),

where

k+g 1

okk+2g °

Notice that m cancels out in the ratio of frequencies, so the final entropy depends only on the dimensionless

combination .

Final Symbolic Expression
_ _ _ _ . _ k+g 1
S = [n+1]ln[n+1] - nln[n], with 7 = m -5

Final Answer:

S = (m+1)in+1) - nlnn),| where 7= —28

1
2/k(k+29) 2

Python Code Implementation

Below is the required Python function that takes (k,g,m) as inputs and returns the entanglement entropy.
Note that (m does not explicitly appear in the final ratio). The code also handles the g = 0 case by returning
zero (since there is no coupling and hence no entanglement):
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def entropy(k: float, g: float, m: float) -> float:

nnn

Computes the entanglement entropy S for the reduced density matrix
of one oscillator in the ground state of two coupled harmonic oscillators
with parameters (k, g, m).

S = (mnbar+1)*1n(nbar+1) - nbar*ln(nbar), where
nbar = (k+g) / (2xsqrt[k*(k+2g)]) - 1/2.

If g=0, the oscillators are uncoupled and S=0.

import math

# If no coupling, no entanglement => entropy = 0.
if abs(g) < le-15:
return 0.0

# Mean excitation number in the thermal-like state after tracing out oscillator 2
nbar = (k + g) / (2.0 * math.sqrt(k * (k + 2.0*xg))) - 0.5

# Guard against numerical issues if nbar ~ 0
if mnbar <= 0.0:
return 0.0

# Entanglement entropy formula
return (nbar + 1.0)*math.log(nbar + 1.0) - nbar*math.log(nbar)

This completes the solution.
Verification Results:

Auto verification result ([’2025-02-18T05:49:52.075291+00:00]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:36.409011Z) Grade: A
Notes: The submitted solution correctly follows the steps to compute the entanglement entropy of two coupled

harmonic oscillators. It starts by diagonalizing the Hamiltonian to find the normal-mode frequencies, which

are consistent with the standard solution: wx =/ % and wy = /%29 The solution then calculates the mean

excitation number 7 using these frequencies, leading to the correct expression for the von Neumann entropy.
The final expression for the entropy S = (7 + 1)In(72 + 1) — 7aln(7n) is equivalent to the standard solution’s
result. The approach is clear, logical, and includes all necessary steps, demonstrating a strong understanding
of the problem.

Attempt 4 (2025-02-02T10:20:36.9874367)

Detailed Solution:
Step 1: Diagonalize the Hamiltonian and find the normal modes.
We have the Hamiltonian for two coupled harmonic oscillators:

(1 - 2)’

H = il(é+kxf) +9
=2 2

Rewriting the potential part,
1k (a? +23) + L(z1-22)° = B2 (2l +2]) - gri2a
It is convenient to define the normal-mode coordinates:

X1 + T2 T1 — T2
e AT g o M

V2
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— Pl\??z P = P1-P2
2 7T :
In these new variables, the Hamiltonian separates into two independent harmonic-oscillator pieces,

along with their corresponding conjugate momenta P,

H = 32+ (k+29) X3) + 3(Z +kx2).

Hence the two normal-mode frequencies are

k+2g k
wy = \/ , wo =1/ —.
m m

Step 2: Ground state and reduced density matrix.

The ground state |2) factorizes in the (X, X_) basis, but in terms of z;,x2 it is an entangled Gaussian.
Tracing out oscillator 2 induces a reduced density matrix p acting only on the z; subspace. This p is again
Gaussian (thermal-like) because the global ground state is Gaussian.

Step 3: Compute the covariance for oscillator 1.

One can show that the single-oscillator reduced state p is effectively a thermal state with some average
excitation number 7. A convenient way to see this is via the annihilation/creation operators for the first

oscillator (of natural frequency +/k/m):

m w1 i 1 k
ap = x1 1——pD1 w1 = —
2 V2mwi ’ 7”/7
so that
1 _ w1 2 2 1
a1 = P11 — 3

2 ! 2mwy
After evaluating the ground-state expectation values (x%) and (p%) in the presence of coupling g, one finds
that the first oscillators reduced state has
= 1 w. w—
(ala1) = @ = g(i + o= - 2).
Define the ratio
W+ k+2 g

As &=
w- k

>1 (for g>0).
Then y
n= g (A +1 - 2).
Step 4: Entanglement entropy.
Because the global state |2} is pure, the reduced density matrix p of oscillator 1 has von Neumann entropy
S = —Tre, [pInp).
But a single-mode thermal (or thermal-like) state with mean occupation 7 has von Neumann entropy
S(n) = (~+1) In(n+1) - 7 lnn.

Thus,
S =(Mm+1)In(a+1) - 7 ln(n),

fi = é(m% -2), A= \/l”%.

Notice that the final expression is independent of the mass m, since the ratio w,/w- does not depend on m.
Putting it all together, a convenient closed form is:

S = (ﬁ+1) In(A+1) - nln(A), where A = %( /ktfg_‘_ /kf29_2).

where 7 is given by
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This is the entanglement entropy of oscillator 1 (in its ground-state bipartition with oscillator 2).

Final Answer (Symbolic Expression):

§ = (pe )EE>1) = 2 hE), - = é(\/’“kzg " ,/k+’€29 - 2)_

Step 5: Convert to Python Code.

Below is a self-contained Python function that, given k, g, m, returns the value of the entropy. (Note that the
dependence on m cancels out in the final formula, but we keep the parameter in the function signature as
requested.)

def entropy(k: float, g: float, m: float) -> float:

nnn

Computes the entanglement entropy S of one oscillator
in the ground state of two coupled harmonic oscillators
with parameters k, g, m. The result is dimensionless

and does not actually depend on m.
i

import math

# If g == 0, there is no coupling and the state is a product state => S=0
if abs(g) < le-14:
return 0.0

# Ratio of normal -mode frequencies (independent of m).
Lambda = math.sqrt((k + 2xg) / k)

# Occupation number of the reduced thermal-like state
n = 0.125*(Lambda + 1.0/Lambda - 2.0)

# If n = 0 (i.e., no entanglement), S = 0 exactly
if n < le-14:

return 0.0

# Von Neumann entropy of a single-mode thermal state with mean occupation n
return (n + 1.0)*math.log(n + 1.0) - n*math.log(n)

Final Answer: The entanglement entropy is

_ _ - . k
S = (n+1)In(n+1) - A ln(n), where nzg(\/ 294—\/}“29—2),

and the corresponding Python implementation is the code block above.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.075853+-00:00]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:46.009419Z) Grade: A

Notes: The submitted solution correctly diagonalizes the Hamiltonian and finds the normal modes, matching

the standard solution’s approach. It identifies the normal-mode frequencies as w; = \/]H% and w- = %,

which are equivalent to the standard solution’s wi and wz. The solution then computes the entanglement
entropy using the occupation number 7, which is derived correctly as n = é(\/ kf" ++/ kf2g —2). The final
expression for the entropy S = (i + 1) In(f+ 1) - ln(7) is consistent with the standard solution’s result. The
Python code provided accurately implements the mathematical solution. Overall, the solution is physically
equivalent to the standard answer and demonstrates a correct reasoning approach.

Attempt 5 (2025-02-02T10:22:18.621019Z)
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Detailed Solution:
Solution in LaTeX:

Step 1: Understand the Problem

We have a system of two coupled harmonic oscillators with Hamiltonian

2
& 1p} 2 (:E1—$2)
H = ;E(E'Fkl’l +g—.

2

Its ground state is denoted [©2). We then form the density matrix p by taking the pure state |Q)(Q| and
partially tracing out the x2 degree of freedom:

p= [dat [z [ dw(ja)ar oa (@] @ aafuwl) (19X (5)er © )y 1 (2h1).

This p acts only on the z1-Hilbert space. We wish to find the entanglement (von Neumann) entropy of this
reduced state,

S = —Trxl[ﬁ In ﬁ].

Step 2: Devise a Plan — Normal-Mode Diagonalization

A standard approach to coupled harmonic oscillators is to switch to normal-mode coordinates. Define

Tl + T2 T1 — T2
X = , Y = ,
V2 V2

with corresponding canonical momenta

P1+p2 Po = P1—p2

Px =

vz T B

It is straightforward to check that the Hamiltonian splits into two decoupled harmonic-oscillator parts:

2 2
I N A 1(/~c+2g)y2.
2m 2m 2 2

Hence the two normal-mode frequencies are

k+2g k
wy =\ —, w- = \[—.
m m

Although the ground-state wavefunction is then a simple product in (X,Y )-space, the original coordinates
(x1,m2) are linear combinations of (X,Y); this mixing creates entanglement between the z1 and z2 subsys-
tems.

Step 3: Carry Out the Plan — Entropy from Squeezing Formula

For two coupled (identical mass) harmonic oscillators in their global ground state, tracing out one oscillator
yields a thermal-like (mixed) state for the other oscillator. A well-known result in Gaussian quantum mechan-
ics is that the reduced density matrix of one oscillator (after tracing out the other) has an average (thermal)

occupation number
_ 1 @L- w_
= —(y/— ++/— - 2).
" 4( w- Wi )

In our case, wi =/ %, w- =1/ %, so the ratio w; /w_ = %. Observe that the mass m cancels in that
ratio.
The von Neumann entropy of a single-mode thermal state with mean occupation number 7 is

S = (n+1)In(a+1) - nln(n).

Therefore, for our system,

S = (ﬁ+1)ln(ﬁ+1) = ﬁln(ﬁ), where ﬁ:i(\/kfg + \/%29 = 2).
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This is the desired entanglement entropy of the reduced state p.

Final symbolic expression for S :

_ _ o . 1 k+2g k
S:(n+1)ln(n+1)—nln(n)7 with n:Z(\/ - +\/k+2g—2).

Step 4: Convert to Python Code

Below is a self-contained Python function implementing the above formula. Note that the entropy formula

kfg ; the parameter m does not affect the final result but is included as per the

depends only on the ratio
required function signature.

def entropy(k: float, g: float, m: float) -> float:
nnn
Computes the entanglement entropy S for the reduced
ground -state density matrix of one of two coupled
harmonic oscillators with parameters (k, g, m).
Though m is present in the problem, the final expression
does not depend on m because it cancels out in the ratio
of normal -mode frequencies.

nwnn

import math

# Ratio of normal -mode frequencies
ratio = (k + 2xg) / k # = (omega_+"2) / (omega_-"2)

# Mean occupation number in the reduced state
nbar = 0.25*( math.sqrt(ratio) + 1/math.sqrt(ratio) - 2 )

# If nbar is numerically very close to zero, entropy is zero
if nbar <= le-14:
return 0.0

# Entropy formula for a single-mode thermal-like state
return (nbar + 1)*math.log(nbar + 1) - nbar*math.log(nbar)

Final Answer:

S = (a+1)ln(a+1) - 7 ln(n), ﬁ:i( /_k+k29 N \/E _ 2)_

And the corresponding Python implementation is exactly as shown above.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.076395+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (2025-02-03T22:41:53.911699Z) Grade: A

Notes: The submitted solution correctly identifies the problem of finding the entanglement entropy of a
reduced density matrix for a system of two coupled harmonic oscillators. It uses a standard approach of
normal-mode diagonalization to decouple the Hamiltonian into two independent harmonic oscillators with

frequencies w; = \/ k*# and w- = % The solution then applies a known result from Gaussian quantum

mechanics to find the mean occupation number 7 and subsequently the von Neumann entropy S. The
final expression for S is consistent with the standard solution, albeit in a different form. The Python code
provided correctly implements the derived formula. The approach and reasoning are sound, and the solution
is physically equivalent to the standard answer.
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2.2.10 Model: deepseek-ai/DeepSeek-V3
Attempt 1 (2025-02-07T00:54:08.968020+00:00)

Detailed Solution: To solve this problem, we will follow a structured approach. We will first derive the
symbolic expression for the entropy S and then implement it in Python.

Step 1: Understanding the Problem

We are given a Hamiltonian for a coupled harmonic oscillator system:

21 (p o), (z1-x2)
H=) —|= +ka; | +g————.
;2(771 )T

We need to compute the entropy S of the reduced density matrix p, which is obtained by tracing out the x»
degrees of freedom from the ground state [$2).

Step 2: Diagonalizing the Hamiltonian

To simplify the problem, we diagonalize the Hamiltonian. We introduce normal coordinates g1 and g2 such
that:

+ —
_ N taq = q1—q2

Z1

The Hamiltonian in terms of ¢1 and g2 becomes:
Wherew;l:\/ﬁand wao = B2l
m m

1(p3 1(p3
- 1(Bvutg) (B uigd),
2\m 2\m
Step 3: Ground State Wavefunction

The ground state wavefunction in the normal coordinates is a product of Gaussian functions:

mwi )1/4 (mwz )1/4 mwi qf mwzqg
exp| - = .
mh wh 2h 2h

Yo(q1,2) =(

Step 4: Reduced Density Matrix
To obtain the reduced density matrix p, we trace out g2. The reduced density matrix in the g; basis is:

p(ql,qi)=quzwo(ql,qz)wé(qi,qz)-

After performing the integral, we find:

/ 2 2
’ mw mw +
p(qh ql) = ﬂ_hl exp (_ 1(32 q1 ) ) ]

Step 5: Entropy Calculation
The entropy S is given by:
S = ~Tr,, [plng].

For a Gaussian state, the entropy can be expressed in terms of the symplectic eigenvalues. The symplectic
eigenvalues v are given by:

w1
V=4y/—.
w2

o o M e

Step 6: Final Symbolic Expression
The final symbolic expression for the entropy S is:

w1 1 w1 1 w; 1 wr 1

S = —+—|In — +=]- — ——]In —-=,

w2 2 wa 2 w2 2 w2 2
Wherew1:\/%andw2:\/kjjg.

Step 7: Python Implementation
Now, we implement the final expression in Python:

The entropy is then:
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import math

def entropy(k: float, g: float, m: float) -> float:
omegal = math.sqrt(k / m)
omega2 = math.sqrt((k + 2 * g) / m)
nu = math.sqrt(omegal / omega2)

terml = (nu + 0.5) * math.log(nu + 0.5)
term2 = (nu - 0.5) * math.log(nu - 0.5)

S = terml - term2
return S

Example usage:
print (entropy (1.0, 0.5, 1.0))

Final Answer: The entropy S is given by the Python function entropy(k, g, m) as implemented above.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.076928+-00:00’]) Status: Incorrect
Evaluations:

Evaluated by gpt-4o0 (['2025-02-07T21:46:58.427501+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem by attempting to diagonalize the
Hamiltonian and compute the entropy of the reduced density matrix. However, there are significant issues:
1) The expression for the entropy S in the submitted solution is different from the standard solution. The
standard solution involves a more complex expression involving w; and w2, while the submitted solution uses
a simplified form based on symplectic eigenvalues. 2) The approach to calculating the reduced density matrix
and entropy is not aligned with the detailed steps in the standard solution, which involves more intricate
calculations and transformations. 3) The Python implementation is not directly comparable to the standard
solution’s final expression. Overall, the approach has some merit but lacks the necessary depth and accuracy
to match the standard solution.

Attempt 2 (2025-02-07T00:55:30.041544+00:00)

Detailed Solution: To solve this problem, we will follow a structured approach, starting with the mathe-
matical derivation and then converting the final expression into Python code.

Step 1: Mathematical Derivation

1.1 Hamiltonian Analysis The Hamiltonian for the coupled harmonic oscillators is given by:

21 p2 2 (351—292)2
H = —| = +kxf | +g—-.
;2(m )T

This Hamiltonian can be rewritten in terms of normal modes. Lets define the normal coordinates:
T+ T2 Tl — T2
X = Y =
V2 V2
The Hamiltonian in terms of these normal coordinates becomes:

2 2
H:%(%+(k+g)X2)+%(%+(k+g)Y2).

Here, Px and Py are the momenta conjugate to X and Y, respectively.
1.2 Ground State Wavefunction The ground state wavefunction of the system is a product of the ground state
wavefunctions of the two normal modes:
|2) = 0x) ® [Oy).
The wavefunctions in position space are Gaussian:

1/4 X2
mwx mwx
(x10x) = () oxp - ),
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1/4 v?2
_ mwy _any
(viov) = (70 ) " exp (-2,

where wx = \/% and wy = %.
1.3 Reduced Density Matrix The reduced density matrix p is obtained by tracing out the zo degrees of
freedom:

p = Trz, (12)(€)

In position space, this becomes:

p(xl,xll):/dwzﬁ(xl,xg)ﬂ*(xll,xg).

Using the normal coordinates, we can express x1 and x2 in terms of X and Y:
X+Y X-Y
xr1 = , XTo =
V2 V2

The ground state wavefunction in terms of z; and z2 is:

mwx)1/4(me)1/4e ( mwx(:v1+;r2)2 me(CE1—$2)2)
xp | - = .

(w1, 22) = (ﬁ I I

7h

After performing the integral over z», the reduced density matrix p(x1,x]) is found to be Gaussian.
1.4 Entropy Calculation The entropy S is given by:

S =-Try, [pIng].

For a Gaussian density matrix, the entropy can be expressed in terms of the eigenvalues of the covariance
matrix. The final expression for the entropy is:

szl(m(——ﬁﬁﬁi—f)+g.
2 WXWYy — WXWy

- (n(©22) ).

Simplifying, we get:

Step 2: Python Implementation
Now, we convert the final mathematical expression into Python code:

import math

def entropy(k: float, g: float, m: float) -> float:
omega_X = math.sqrt((k + g) / m)
omega_Y = math.sqrt((k + g) / m)
entropy_value = 0.5 * (math.log((omega_X * omega_Y) / (omega_X * omega_Y -
omega_X * omega_Y)) + 1)
return entropy_value

Final Answer: The entropy S is given by the Python function entropy(k, g, m), which computes the entropy
based on the derived expression.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.0773544-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-40 (['2025-02-07T21:47:08.108878+00:00’]) Grade: C
Notes: The submitted solution shows a basic understanding of the problem by attempting to diagonalize the
Hamiltonian and calculate the entropy. However, there are significant issues: 1) The normal mode frequencies

wx and wy are incorrectly stated as v/ % instead of wy =/ % and wa =4/ %. 2) The entropy expression

2
derived is incorrect and does not match the standard solution. The expression S = %(ln(%) + 1) is

not equivalent to the standard solution’s entropy expression. 3) The Python code provided is based on this
incorrect expression and will not yield the correct result. The approach has some merit, but the execution is
flawed.
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Attempt 3 (2025-02-07T00:57:16.189877+00:00)

Detailed Solution: To solve this problem, we will follow a structured approach, starting with the mathe-
matical derivation and then translating the final result into Python code.

Step 1: Mathematical Derivation

1.1 Hamiltonian and Normal Modes The Hamiltonian for the coupled harmonic oscillators is given by:

2.1 (p? 1 —2)>
H:ZQ(E+kx? +g%.

To simplify the problem, we introduce normal coordinates @1 and Q2 such that:

Q1 +Qo _@1-Q2

rp=———, T
1 NG 2 NG

The Hamiltonian in terms of these normal coordinates becomes:

2 2
] L o R L 1o ) )
2\ m 2\ m

Wherem:\/% and wQ:\/k*#.

1.2 Ground State Wavefunction The ground state wavefunction [2) in the normal coordinates is a product of
the ground states of two independent harmonic oscillators:

1€2) = [0)@, @ 0)q,-

The wavefunction in the position representation is:

mwi )1/4 (mwz )1/4 . Cmwi Q] mwa Q3
Th h P\"on on |

(Q1,Q22) =(

1.3 Reduced Density Matrix The reduced density matrix p is obtained by tracing out the z2 degrees of
freedom. The resulting density matrix in the z; basis is:

p(xl,mll):/dw(x1,w|ﬂ)(§2|x'1,w).

After performing the integration, we find that p(z1,z}) is a Gaussian function with a specific covariance
matrix.
1.4 Entropy Calculation The entropy S is given by:

S =-Trs, [plnp].

For a Gaussian state, the entropy can be expressed in terms of the symplectic eigenvalues v; of the covariance

matrix: | 1 1 1
S = Zi:(yiJr i)ln(ui+ 5)7(1/i75)1n(1/if§).

For our system, the symplectic eigenvalues are related to the normal mode frequencies:

1 hw1 1 hwa
= —coth = —coth .
V1 cot ( ) , U2 3 cot ( p )

At zero temperature (T' — 0), the entropy simplifies to:

1 1 1 1
ISEE —In{=)-=In{=]])=0.
;(2 n(2) 2“(2))
However, for finite temperature, the entropy is non-zero and depends on the parameters k, g, and m.
Step 2: Python Implementation

Based on the above derivation, we can implement the entropy calculation in Python. The entropy function
will take the parameters k, g, and m as inputs and return the computed entropy.
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import numpy as np

def entropy(k: float, g: float, m: float) -> float:
# Constants
hbar = 1.0545718e-34 # Reduced Planck constant
kB = 1.380649e-23 # Boltzmann constant
T=1.0 # Temperature (arbitrary units)

# Normal mode frequencies
omegal = np.sqrt(k / m)
omega2 = np.sqrt((k + 2 * g) / m)

# Symplectic eigemnvalues
nul = 0.5 / np.tanh(hbar * omegal / (2 * kB * T))
nu2 = 0.5 / np.tanh(hbar * omega2 / (2 * kB * T))

# Entropy calculation
S = ( (nul + 0.5) * np.log(nul + 0.5) - (nul - 0.5) * np.log(nul - 0.5) ) + \
( (nu2 + 0.5) * np.log(nu2 + 0.5) - (nu2 - 0.5) * np.log(nu2 - 0.5) )

return S

Example usage
k_value = 1.0
g_value = 0.5
m_value = 1.0
print (entropy(k_value, g_value, m_value))

Final Answer: The entropy S for the coupled harmonic oscillator system is computed using the provided
Python function entropy(k, g, m). The function calculates the entropy based on the parameters k, g, and m,
and returns the result.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.078054+-00:00]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (['2025-02-07T21:47:17.477024+00:00’]) Grade: C

Notes: The submitted solution demonstrates a basic understanding of the problem by correctly identifying
the Hamiltonian and introducing normal coordinates. However, there are significant issues in the approach
to calculating the entropy. The solution incorrectly assumes that the entropy at zero temperature is zero,
which contradicts the standard solution’s non-zero entropy expression. Additionally, the use of symplectic
eigenvalues and the entropy formula involving them is not aligned with the standard solution’s approach.
The Python implementation is based on these incorrect assumptions, leading to a final answer that does
not match the standard solution. The solution lacks the detailed steps and transformations present in the
standard solution, such as the diagonalization of the Hamiltonian and the calculation of the reduced density
matrix. Overall, while the approach has some merit, it contains major flaws that lead to an incorrect final
result.

Attempt 4 (2025-02-07T00:58:20.438673+00:00)

Detailed Solution: To solve this problem, we need to compute the von Neumann entropy S of the reduced
density matrix p for a coupled harmonic oscillator system. The von Neumann entropy is given by:

S = ~Try, [pln ]

Step 1: Hamiltonian and Normal Modes
The Hamiltonian for the coupled harmonic oscillators is:
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21 (p; 2 (w1 - 32)?
H=> —|==+kzi|+9g————
gz(m )T

To simplify the problem, we can transform the coordinates to normal modes. Let’s define the normal coordi-
nates ¢1 and g2 as:

T + T2 xT1 — T2

q1 = \/5 y Qg2 = \/§

The Hamiltonian in terms of the normal modes becomes:

1(p; 1(p:
H= P2y 02¢2) 2 (P2 4w
2\ m 2\ m
[k [k +2g
w1 = = Wy =
m m
Step 2: Ground State Wavefunction

The ground state wavefunction in the normal coordinates is a product of Gaussian functions:

NN
NN

where the frequencies are:

Yo(q1,q2) =(

Step 3: Reduced Density Matrix
To find the reduced density matrix p, we trace out the g2 degree of freedom. The reduced density matrix in
the ¢1 basis is:

wh 7h B

mwi 1A mwa 14 mwlq% mwzqg
R U7 2h

p(qhqi):quwlfo(m,qz)\lfé(qi,qz)

After performing the integration, we find that p(qi1,q}) is a Gaussian function with a certain width determined
by the frequencies w; and ws.

Step 4: Entropy Calculation

The von Neumann entropy of a Gaussian state is given by:

Z/i+1 l/i+1 Vi—l Vi—l
S_;(2ln2 2ln2)
where v; are the symplectic eigenvalues of the covariance matrix. For our system, the symplectic eigenvalues
are related to the frequencies wi and ws.
After some algebra, the entropy S can be expressed as:

In —In

w1l — w2 w1 — W2 (wl +w2)2

1 w1 + w2
S==
d

w1 + w2 4w wa )

Step 5: Final Expression
Substituting the expressions for w; and w2, we get:

S—l(ﬂ“/mlnﬂ* F+29 INEVE+ 29 )
C2\Vk-vE+2g VE-VEk+29 (VE+VE+29)?

Step 6: Python Implementation
Now, we implement the final expression in Python:

import math

def entropy(k: float, g: float, m: float) -> float:
omegal = math.sqrt(k / m)
omega2 = math.sqrt((k + 2 * g) / m)

terml = (omegal + omega2) / (omegal - omega2)
term2 = math.log((omegal + omega2) / (omegal - omega2))
term3 = math.log((4 * omegal * omega2) / (omegal + omega2) **2)

S = 0.5 * (terml * term2 - term3)
return S
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This function computes the von Neumann entropy S given the parameters k, g, and m. The function uses
the math module to perform the necessary mathematical operations.

Final Answer: The von Neumann entropy S is computed using the provided Python function.

Verification Results:

Auto verification result ([2025-02-18T05:49:52.078509+00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (['2025-02-07T21:47:27.710339+00:00’]) Grade: B

Notes: The submitted solution correctly identifies the problem as finding the von Neumann entropy of a
reduced density matrix for a coupled harmonic oscillator system. It follows a valid approach by transforming to
normal modes and computing the ground state wavefunction. The solution correctly identifies the frequencies

/ k+2 q . . -
w1 = % and wy = :ng , which match the standard solution. However, there are some discrepancies in

the final expression for the entropy S. The submitted solution uses a different form involving symplectic
eigenvalues, which is a valid approach but leads to a different expression than the standard solution. The
Python implementation is a nice addition, but the final expression for S does not match the standard solution’s
boxed result. The core understanding is demonstrated, but the final result differs due to the method used.

Attempt 5 (2025-02-07T00:59:35.093315+00:00)

Detailed Solution: To solve this problem, we will follow a structured approach. We will first derive the
symbolic expression for the entropy S and then implement it in Python.

Step 1: Understanding the Problem

We are given a Hamiltonian for a coupled harmonic oscillator system:

21 (p} 2 (z1 = 22)*
H=3 = (B 4 o)+ g2 22)
;2(m+x’ 9

The ground state of this system is |Q2). We are to compute the entropy S of the reduced density matrix p,
which is obtained by tracing out the zo degrees of freedom.
Step 2: Deriving the Entropy
The entropy S is given by:

§ = ~Tr,, [pInp).
To compute this, we need to find the eigenvalues of the reduced density matrix p. The reduced density matrix
p is obtained by tracing out the x2 degrees of freedom from the ground state density matrix |Q)(€2|.
The ground state [Q2) of the coupled harmonic oscillator system can be expressed in terms of normal modes.
The Hamiltonian can be diagonalized by introducing normal coordinates g1 and go:

T+ T2 I1 — T2
Q1= q2 =
vz V2
The Hamiltonian in terms of these normal coordinates is:

1{p2 1 (p?
H=o (2202 )+ o (P2 1 02g2),
2\ m 2\ m

Wherewlzy/i and WQI\/%.

The ground state wavefunction in terms of the normal coordinates is:

mh

2h 2h

1/4 1/4 2 2
e ) () (22 i )

To find the reduced density matrix p, we trace out go:

ﬁ(qhqi):fd(JzQ(qnqz)Q*(qi,qz)-
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The entropy S is then given by the von Neumann entropy of the reduced density matrix:
S = ~Try, [pInp].

After performing the integration and diagonalization, the entropy S can be expressed in terms of the param-
eters k, g, and m:
1 1
S = 71n(%)+7(ﬂ71)1n(ﬂ71).
2 w1 2\w w1

Substituting wy = /£ and w; = k229 we get:

m

1 k+2g 1 k+2g k+2g
S==1 = -1]1 -1).
Step 3: Implementing the Solution in Python
Now, we will implement the derived expression in Python.

import math

def entropy(k: float, g: float, m: float) -> float:
omegal = math.sqrt(k / m)
omega2 = math.sqrt((k + 2 * g) / m)
ratio = omega2 / omegal
S = 0.5 * math.log(ratio) + 0.5 * (ratio - 1) * math.log(ratio - 1)
return S

Example usage:
print (entropy (1.0, 0.5, 1.0))

Final Answer: The entropy S is given by the Python function entropy(k, g, m), which computes the entropy
based on the derived expression.
Verification Results:

Auto verification result ([2025-02-18T05:49:52.079014+-00:00’]) Status: Incorrect

Evaluations:

Evaluated by gpt-4o0 (['2025-02-07T21:47:45.268871+00:00’]) Grade: C

Notes: The submitted solution shows a basic understanding of the problem and correctly identifies the

need to diagonalize the Hamiltonian and trace out degrees of freedom to find the reduced density matrix.

However, there are significant issues in the final expression for the entropy S. The derived expression for S

in the submitted solution, S = %ln (:—f) + % (Z—f - )ln (% - 1)7 does not match the standard solution’s final
_A/erwy ) Gl

(Vor+v/@z)?
additional terms. The approach has merit, but the final result is incorrect due to these discrepancies.

answer. The standard solution involves a more complex expression involving terms like ln(

110



	Grade Distribution Analysis
	Auto-Verification Results
	Overall Grade Distribution
	Grade Distribution by Solution Model
	Grade-Verification Correlation Analysis

	Problem SHO Vacuum Entanglement, Difficulty level: 4
	Expert Solution
	Model Solutions
	Model: o3-mini
	Model: deepseek-ai/DeepSeek-R1
	Model: meta-llama/Meta-Llama-3.1-70B-Instruct
	Model: Qwen/Qwen2.5-72B-Instruct
	Model: meta-llama/Meta-Llama-3.1-8B-Instruct
	Model: Qwen/Qwen2.5-7B-Instruct
	Model: Qwen/QwQ-32B-Preview
	Model: chatgpt-4o-latest
	Model: o1
	Model: deepseek-ai/DeepSeek-V3



