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Abstract: We propose to exploit the quantum properties of nonlinear media to estimate the parameters
of massless wormholes. The spacetime curvature produces a change in length with respect to
Minkowski spacetime that can be estimated in principle with an interferometer. We use quantum
metrology techniques to show that the sensitivity is improved with nonlinear media and propose
a nonlinear Mach—Zehnder interferometer to estimate the parameters of massless wormholes that
scales beyond the Heisenberg limit.
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1. Introduction

In recent years, there have been many theoretical proposals to improve measurements through
quantum technologies in the context of quantum metrology [1], whose goal is to estimate unknown
parameters of interest. Among many other developments, such as gravitational wave detection [2] or
timekeeping [3], there have also been more challenging ideas, such as the measurement of acceleration
with a Bose Einstein Condensate setup [4] or temperature through Berry’s phase in [5].

Along these lines, it is natural to ask whether quantum metrology can be useful to test gravitational
effects such as gravitational time delay (see, for instance [6]). In particular, nonlinear media were
proposed in [7] to estimate the Schwarzschild radius of the Earth beyond the Heisenberg limit.
Moreover, the detection of distant traversable wormhole spacetimes by means of quantum metrology
was considered in [8]. Following this path, we propose to use the nonlinear Kerr effect to estimate the
size of the throat of distant massless wormholes with super-Heisenberg scaling. Given the renewed
interest in the physics of wormholes coming from different fields [9-11] and the proposal of new
methods for their detection by classical means [12], our main goal is to explore the fundamental
sensitivity limits provided by quantum mechanics, which in principle overcome the classical ones.

We consider the evolution of a coherent state under a nonlinear Hamiltonian. If the propagation
takes place in the spacetime of a distant traversable wormhole, the phase of the coherent state acquires
a slight dependence on the relevant parameter of the metric, which in this case is the radius of the
wormbhole throat. The fundamental bound on the precision with respect to this parameter is given
by the Quantum Fisher Information (QFI). Using the QFI, we find that the scaling with respect to the
number of photons surpasses the Heisenberg limit, as expected, due to the nonlinearity. Moreover,
we show that a realistic measurement protocol can get close to this fundamental limit by proposing
a particular scheme of detection, consisting of an interferometer whose arms are stretched in a curved
spacetime. Since we consider an almost-flat spacetime, we can express the metric as Minkowski plus
a little perturbation, yielding a small correction to the length of the arm. This generates a phase shift in
the interferometer that in principle can be measured. We show that a standard homodyne detection
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scheme with a nonlinear interferometer would also exhibit super-Heisenberg scaling with respect to
the number of photons.

In the linear regime, gravitational bodies produce a stationary phase shift which is locally
indistinguishable from other sources. We find it compulsory to rotate the interferometer to get
a controlled oscillating phase shift. The whole scheme resembles a laser interferometer setup for
gravitational wave detection, such as LIGO. Indeed, we use experimental parameters from LIGO to
show that parameter estimation might be, in principle, possible. Thus, we also show that LIGO could
in principle benefit from the use of nonlinear media.

The structure of the paper is the following. In the first two sections, we briefly recall some basic
notions of quantum metrology and traversable wormholes, respectively. Then, in the next section,
we present our results for both the QFI and the interferometric setup. Finally, we summarize our
conclusions in the last section.

2. Quantum Metrology

Quantum metrology is the branch of physics which attempts to improve the estimation of
parameters of interest through quantum resources. To infer the value of a parameter, 6 from the
data collected by n measurements (x1, xy, ..., X ), we must build an estimator 0 that is a function
of the possible outcomes. The statistical error is bounded by the classical Fisher information (FI),
which represents the amount of information that a random variable x carries about an unknown
parameter 6 of a distribution that models x. It can be written as

F(9) = — <al"<‘5a”;"9)> M)

where p(x; 0) represents the probability that the outcome of a measurement is x when the parameter is
6. Fisher information can be extended to a metric on a statistical manifold and it obeys the Cramer-Rao
inequality for estimating the variance of 0.
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In the quantum realm, p(x;6) = Tr(pgI1y). The ultimate bound on the sensitivity Af, of a state p
with respect to the parameter 6 is obtained maximizing the FI over all possible measurements:

A, > L 3)

— VH()

where H(0) is the Quantum Fisher Information (QFI), which represents the maximum information
that can be obtained. For instance, in the case of pure states, we can estimate the QFl as H = 4AH,
where H is the Hamiltonian. A possible loophole of this analysis is the assumption that the observed
model is the predicted, so in case there is a different model underneath, we are estimating a false
parameter. However, Bayesian theory is probably the best way to deduce the model that fits the data.

In quantum metrology, a typical parameter is the phase 6 and a typical experimental set-up is
an interferometer [1]. It is a well-known result that the phase estimation for a coherent state with N
photons per pulse goes as Af o LN, which is the Standard Quantum Limit (SQL) and is a consequence
of the central limit theorem. This resolution can be improved using quantum states such as squeezed
light, achieving the so-called Heisenberg limit which set bounds to the sensitivity in the linear case
as Af « 4. As it has been shown by different authors [13-16], the precision can be improved with
nonlinear media as Af « \/% This limit has been confirmed experimentally [17].
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3. Traversable Wormholes

Wormbholes are a class of spacetime predicted by Einstein’s equations with interesting properties.
They allow for spacetime travel and closed timelike curves, rising paradoxes about causality, which are
not so when quantum mechanics are considered [18]. The creation of a traversable wormhole would
require some exotic source of negative energy, whose existence is bounded by quantum energy
inequalities (QIs) and is dubious in classical physics. The QIs entail that the more negative the energy
density is in some time interval, the shorter its duration. These constraints apply only to free quantum
fields [19] and they extend to curved spacetime. Intuitively, light rays converge while coming into the
wormhole throat but they will diverge once they leave so negative energy is compulsory for a timelike
observer. Moreover, it has been argued that a traversable wormhole must be only a little larger than
Planck size, otherwise, its negative energy must be confined in a shell many orders of magnitude
smaller than the throat size [20]. However, there might be unexplored possibilities to avoid this bound,
such as consider interacting quantum fields [21]. It remains an open question whether wormholes are
forbidden by the laws of physics.

Interestingly, wormholes can mimic black-hole metrics at first approximation, which in principle
could question the identity of objects at the center of the galaxies as well as the observed gravitational
waves [9,10]. Besides, a recent conjecture, ER = EPR, involves wormholes and entanglement. It states
that there might be difference kind of bridges for each kind of entanglement [11].

The estimation of parameters of these objects, as well as a general curved spacetime can be
improved, in principle, by quantum metrology [8], which surpasses classical techniques such as
gravitational lensing [12].

Let us consider a field propagating along the radial direction in the presence of a traversable
wormhole whose general metric is given by [22]

1
b(r)

r

ds? = —c?e*Pdr? + dr? + Tz(dez + sin’ 6d4>2), )

where ®, the redshift function, and b(r), the shape function, are arbitrary functions of the radius r.

2
In the case of an Ellis massless wormhole, ® = 0 and b(r) = b7° Ignoring the angular part results in:

ds? = — 2P + g2, (5)

1-%
r2

As we show below, for a far-away observer, the metric can be expressed as flat with a perturbation
on the spatial part. Then, there will be a phase shift in the presence of a wormhole in the radial
direction.

4. Parameter Estimation of Wormholes through Nonlinear Effects

The Kerr effect is produced when the polarization of the medium is proportional to |E|?> and is
well-known in nonlinear optics. In quantum optics, it is usually used to generate non-classical states of
light such as Schrodinger’s cats.

Basically, there is a coupling between the intensity I and the proper time 7 in the phase [23]:

¢ =xtl, (6)

where x is the nonlinearity. It has been shown that, in the presence of a nonlinear medium,
the phase can be detected with higher precision than the Heisenberg limit, replacing the vacuum by
a nonlinear medium [13-17]. Classically, nonlinear effects can be interpreted as anharmonic terms in
the Hamiltonian. Then, we can consider the following quantum Hamiltonian:
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A = x(a'a)? + wata = xa(a + 1) + nke. @)

where a and a' are the standard creation and annihilation operators of a single electromagnetic field
mode. As we show below, the effective nonlinearity becomes 7, which essentially implies a coupling
with the curvature of spacetime.

The more general form of a Gaussian state is a squeezed coherent state for a quantum harmonic
oscillator, which is given by:

|2, ) = D(@)S()[0). ®)

A laser is the typical coherent source of the electromagnetic field, which is represented by
a coherent state and is obtained by letting the unitary displacement operator D(«) act on the vacuum,

“10) = D@0y = e T Y |
“HH0) =D(a)|0) =" 2 —n
n=0 n!

The evolution of the coherent state with frequency w propagating through a nonlinear medium is
given by:

) = e

)- ©)

lanp (1)) = U |a) = e~ THAEFD ) o) (10)

It is impossible to give an analytic expression of the phase due to the nonlinear terms which
produce a superposition of coherent states. However, we can give a bound for the variance of the phase.

4.1. Quantum Fisher Information

As explained before, the bound for the variance of an estimator is given by the Cramer-Rao
inequality. The Quantum Fisher Information for estimating the parameter 7, (1), is given by [7],

H(r) = lim 81— Vf(p(d?éph O] N+ 2N+ 1)x]2 + 2Nx2, (11)

where F is the fidelity, F(p,0) = [Tr\/\/po/p]* which is a distance between two states p, o in the
Hilbert space. When N, the number of photons per pulse, is large N — oo, the Heisenberg limit
is surpassed

AT (12)

[ 7N3/2'

The proper time for a free-falling observer has a dependence on by, so the quantum Fisher

information may be rewritten as
2

9T " 9 (r) (13)

by

In 2D, the metric in Equation (5) becomes flat by means of a change of coordinates:

H(by) = ]

ds* = —c2dt* + dI?, (14)

I=\/rr—B2 (15)

Nevertheless, there is a phase shift for propagation in the radial direction. To see this, notice that,
for a free-falling observer, the proper length equals the proper time times c, so it can be expressed in
laboratory coordinates as:

where

cr:L’:|lz—ll|:‘\/r%—bg—\/r%—b%. (16)
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We assume that the separation L’ = ¢t is small as compared to the distance to the wormhole,

L << rq,12, and for simplicity we consider that r, > rq, thus L = rp — r1. If the propagation takes

place far away from the wormhole throat, 1,2 >> by, the proper length can be approximated using
2

. . b -
a Taylor expansion up to second order in ﬁ, giving

2 2
TzL/c<1+%—%L>. (17)

2 2
271 2r1 71

Thus, the proper length as measured in the radial direction of the Ellis metric is larger than the
Minkowski one. Now, we calculate the Jacobian for estimating the QFI as a function of b in (13):

a1 bo boL
—L S 18
oby (cr% cr3 ) (18)

Finally, putting everything together, the sensitivity is given by:

Abpy 1 1 1

bo  bo+/H(by) bo
1 1
L8 — 1y /N{[w +2(N + 1)x]2 + 2Nx?}

2
cry 1

1 1
L~ By /N{lw +2(N + 1)x]> +2Nx2}

2 3
2r1 2ry

(19)

12

cr? 1
~ 1
- 2005 /N{[w +2(N + 1)x]> + 2Ny}

h(Z)L

In the last step, we have neglected the term 55 > and expanded in Taylor series around 0 in x and
1

2
y the ratio 1/ (x + xy) ~ 1, where x = 2% andy = —%. Therefore, when N goes to infinity, we find

a polynomial enhancement in the sensitivity which goes beyond the Heisenberg limit;

Ab 1

S0 — (20)
bo N3/2

Moreover, repeating the experiment M times, we would reduce the noise as a Gaussian variance:

Aby cr? 1
bo  2Lb3 /NM{[w +2(N + 1)x]2 + 2N 2}

(21)

Note that in the limit x = 0 we recover the results in [8]. As usual in quantum metrology, with the
QFI we have the best theoretical value of the sensitivity. However, we do not know yet whether there
is a realistic measurement protocol achieving this limit. This is the goal of the next subsection.

4.2. Nonlinear Interferometer

Let us consider a more realistic scenario in which the measurement is carried out by homodyne
detection. This consists in estimating an unknown signal comparing it with a known local oscillator.
The unknown signal is one of the output modes by, where k makes reference to the wave number in the
case there are several frequencies. As we assume a monochromatic source, this is suppressed below.
We follow the nonlinear Mach-Zehnder interferometer proposed in [7] (see Figure 1). Metrics are
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qualitatively different so the set up is not obtained just by replacing the black hole with a wormhole.
We have:

b = %[uk(e*ik(%ﬁfl’zéx) — o *P13+930))] 4 g (e (P2t 02) 4 p—ik(P13tna)) (22)
where gy is an input coherent state and v, an input vacuum state. We must introduce only a nonlinear
material in one intereferometer arm and an adjustable linear phase f in the other arm.

A , 4

| —]

LI

N

Figure 1. A Mach-Zehnder interferometer with a nonlinear medium placed along the radial direction.

As we explain in the next section, we should rotate the interferometer to determine the position
of the wormbhole. The proper distance is only modified basically in the radial axis, which will produce
an oscillating signal that allows identifying the radial axis of the wormhole where the phase shift is
maximum. In fact, the proper distance on the top and bottom arms will differ but we can neglect this
term with respect to the main correction in the radial direction, as is explained in detail below.

We assume that the length of the top and bottom arms, #, is small with respect to L (h << L),
so we can neglect curvature effects and take the value ¢35 = ¢4 = 0. Using that ct = L', it follows
that ¢34 = 0 so the vertical output mode turns out to be

1, s , 1, s :
bk — E(Eﬂquﬂxmiuk _ ezﬁ)ak + E(Eﬂk(’)ﬂxm’tuk + ezﬁ)vk. (23)

The phase shift is induced in one arm of the interferometer through a nonlinear medium such that

2
([):(Pu:L/—:/TNL(l—i—;?z) (1—1>, (24)

n/

L b?
T (1 + 27‘32) (25)

is the proper time, L is the proper distance, n’ is the first-order refractive index of the material
(we consider the generic value n’ = 1.5) and r is the distance to the wormhole previously called r;.

We use the approximation of linearized Gaussian regime given in [7], valid when TxvV N << 1,
so that

where

e~ IXTOK o e_ix“’dzf[l —ixt(a*da + ada®)]a + e~ixlal’T 5y (26)
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The quadrature X;, = b(7)e®® 4 b*(t)e" can be measured by homodyne detection as can be seen
in Figure 2. This can be written as
[ [cos(8 + &) — cos(8 + B)] — x|a*T[sin(6 + &) —sin(6 + )] X

Xb p—
1 1,0 .
+ §(X9+57X9+,3) +§(X9+§*Xe+ﬁ) 27)
where we have defined
b3 1 xlaf?
§:k¢—TX|“|22L<1+2r02> (k(1- 1) - 2) o

d

Figure 2. Homodyne detection: The unknown signal, b, is introduced into a beam splitter with a local
oscillator, a, whose phase 6 is controlled. The difference of photons is proportional to the quadrature Xj,.

Then, the expectation value turns out to be
(X;) = [a] (cos(8 + &) —cos(6 + B)) (29)
and
(AXE) = RPlal*t(sin(6 + ) —sin(0 + ))?
x|a|?T(sin(8 + &) — sin(6 + B)) - [cos(8 + &) — cos(8 + B)] + 1
1

= 1 and consequently (AX?) = 1.

(30)

where we have used that for coherent states, (X) = 0, (X?)
2
%  we find that the derivative of X with respect to the parameter is

Now, defining v = 32
by =2|a| (ke (1 p + |a|"x %,YSID(Q‘FC).

The nonlinearity creates noise from antisqueezing in the axis of rotation, which can be removed,

(31)

making B = ¢ the variance shot noise ((AX2) = 1).
To calculate the sensitivity of by, we use the sensitivity of the quadrature through the

following equation
Abj AX?
720 = 7d<xb> 5 (32)
0 |G
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We can optimize our choice of 6 in Equation (31) making 6 = 7r/2 — ¢, which gives

d(Xp) _ 47L 1 2
T la| (ke (1 o + lal*x ) - (33)

Finally, the sensitivity is:

Abp ¢ 1 _ ( cr? ) 1 (34)
bo 4l \/N[w (1- ) +Nxp 125 \/N[w (1- ) +Nxp

This expression is quite different from Equation (19), however, it still scales as ﬁ (see Figure 3).
We compare both expressions in Figure 4.

Sensitivity: Quadrature Nonlinear vs SQL
0.0010

0.0008

I
I
|
1
1
1

0.0006

W]

B \

0.0004| \

\
N\
~
0.0002 ~ -
[} il il el %
l.x 107" 4.x 10~  7.x10° l.x 107
N
| Quadrature Nonlinear — — SQL'

Figure 3. Sensitivity of the Quadrature Measurement with a nonlinear medium (Equation (34)) together
with theoretical SQL vs. number of photons N for L = 1km, w = 1015 Hz, Fro =108, ' = 1.5and
x = 1078 Hz. We see that, in the high-number regime shown in the plot, the sensitivity goes in
principle significantly beyond the standard quantum limit. This range for the number of photons
would correspond to a laser with a wavelength around a thousand of nm and a few W of power,
as in LIGO.

4.3. Parameter Estimation

We now discuss the theoretical prospects for wormhole parameter estimation with these
techniques. The nonlinear parameter x depends on the third-order susceptibility x(®) because the
second-order susceptibility x(2) vanishes due to inversion symmetry of the lattice. Let us consider
typical values of the LIGO interferometer (L = 1 km), with frequency w ~ 10'® Hz, and a typical value
hew?x®)_ 10-34103010-20

av 102
the range x = 1 — 10~8 Hz. For the ratio of bLO = 108 and y = 1078 Hz, sensitivity can be improved
with a nonlinear interferometer by two orders of magnitude, as shown in Figure 3, with respect to the
theoretical SQL, which is obtained by making x = 0 in the QFIL

The sensitivity values for the theoretical QFI in (19) and the quadrature measurement in the

of the nonlinear parameter y = ~ 1 Hz [23]. We consider several values in

nonlinear case are practically indistinguishable beyond 10?2 photons as can be seen in Figure 4.
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QFI vs Quadrature Measurement
0010
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I
\
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L= 1073 = 1075, 2 10777, % 107 l.x 107
N
[— — QF1 —— Quadrature |

Figure 4. Theoretical sensitivity for the Quantum Fisher Information and Quadrature Measurement in
the nonlinear cases, with the same parameters as in Figure 3. We see that, in the high-number regime
discussed in Figure 3, our realistic measurement protocol achieves a precision extremely close to the
fundamental limit, exhibiting super-Heisenberg scaling.

To analyze these results, we must set the range of parameters in which a wormhole can be
expected in principle. Considering that the maximum tolerance is Ah—l;o = 0.1, we can admit ratios
of é = 10!, The size of a wormhole in the centre of the Milky Way ( 10* Pc), taking into account
that 1 Pc = 3 x 101® m, would be 10° m, which seems too large. In the case of a black-hole mimicker,
the throat is of the order of the Schwarzschild radius of the black hole, which in the case of LIGO is
200km, and detection would be possible from r ~ 1Pc. Taking into account that Ab—l(’)o « ﬁ, we can
keep the same sensitivity for the same ratio % if the distance is reduced while the nonlinear coupling is
raised. In fact,  is expected to be bigger than 10~8 Hz so the sensitivity could be improved significantly,
as shown in [24].

We can consider a modest value for the length of the fiber approximately given by 1 m. In this
case, it would need a larger nonlinear parameter (x ~ 10~° Hz) to obtain a ratio é = 108. Including
repetitive measurements (M = 1GHz = 10° Hz), the ratio bLO can be as high as 1012, Considering
X =~ 1Hz, which has been reported experimentally [24], the sensitivity improves by several orders of
magnitude. A possible wormhole as small as 1 m could be estimated at a distance of 10Pc.

We plot results for several values of the nonlinear parameter and a ratio % = 10° with repetitive
measurements and a value of L = 1m in Figure 5.

We can also show that in the presence of optical losses or thermal noise, sensitivity will not vary
substantially. Optical losses include a factor 7 in the QFI [25] while for a thermal state with an average
number of excitations nr, the QFI will be reduced by a factor (1 + 2n7) " [26]:

Aby — n o} 1 (35)

by 1+2 2
0 +2nt 2Lbg \/N[w (1—%)4‘1\]){]2

Further analysis of errors would depend on the particular experimental set up.
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0 1w ' 1w 1w 10
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= Too X~ o000
_ I _ l
L= 1000000 L= 100000000
— — 501

Figure 5. Improvement of sensitivity with respect to the SQL vs. number of photons N for several values
of the nonlinear parameter, L = 1m, M = 1GHz = 10° Hz and b—ro = 107, with the rest of the parameters
as in Figure 3. The nonlinear case becomes relevant for y < 10~*Hz in the high-number regime.

4.4. Rotation and Translation of the Interferometer

We have considered to be in an almost-flat space time with a tiny perturbation which does not
depend on time. This might rise the question of how to actually determine the Minkoswki length,
L. For this, we need to rotate the interferometer two angles 6 and ¢ around two independent axes.
This would change the proper length producing an oscillating phase-shift, necessary for deducing the
position of the wormhole.

The interferometer must be translated along the radial axis so we can repeat the experiment and
check the distance to the wormhole.

Assuming that the interferometer is in the plane ¢ = 0, and in the radial direction as desired,
we can rotate the interferometer an angle 6, resulting in the following change of coordinates:

ey = ey — cos 0ey + sin 0ey. (36)

Notice that the module of the proper length would not change in the Minkowski metric due to
Lorentz covariance, but this only applies locally. When rotating, the laboratory stops being an inertial
reference frame. The proper length changes at first order as:

L2b3 b3
Ly = \/(L’ c0s0)% + (Lsinf)? ~ (/L2 + ,TO cos?0 =L(1+ r—g cos? ). (37)

5. Conclusions

We have applied quantum metrology techniques to estimate gravitational parameters.
In particular, we propose to use nonlinear media for the detection of Ellis wormholes. The tiny
perturbation generated by a distant wormhole on a flat spacetime induces a slight phase shift in
a coherent state which propagates along the radial direction. We show that, in principle, this effect can
be estimated with a precision which not only goes beyond the classical limits but can also overcome
the Heisenberg limit. We show that the fundamental sensitivity limit provided by the QFI is not
restricted by the Heisenberg limit when a nonlinear medium is considered. While this is an abstract
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result, we also show that a particular measurement protocol can get extremely close to the theoretical
bound. In particular, we find that an standard homodyne detection protocol with a nonlinearity
in one interferometer arm also exhibits super-Heisenberg scaling. We consider parameters of laser
interferometers such as LIGO and realistic values of the nonlinearity, and discuss the theoretical
prospects for parameter estimation. Of course, a complete experimental proposal would require an
extremely careful characterization of all the sources of error -as in LIGO- and in any case would
presumably be highly challenging. However, our goal is only to show that, in principle, an extremely
sensitive estimation could be achieved by exploiting quantum resources. Along this vein, our results
can motivate further exploration of this research path.
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