Complementary Probes of Gravitational Radiation States
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We demonstrate that the statistical fluctuations in resonant radiation detectors operating
in homodyne and heterodyne modes offers additional, complementary information to that
obtained from their direct operation as click detectors. We use this to refine tests of the

coherent state hypothesis of interest in connection with gravitational wave fields.

I. INTRODUCTION

Experiments over the last century have revealed that nature obeys the laws of quantum mechan-
ics to great accuracy in many circumstances. But few of these experiments significantly involve
gravity, and thus far no observed phenomenon in gravity has required elucidation using its (pre-
sumed) quantum dynamics. The relatively recent observation of gravitational radiation [I, 2]
plausibly opens new possibilities in this regard, since it gives direct access to the gravitational
quanta - in great abundance! It has been suggested that statistical fluctuations in gravitational
wave signals might be promising in this regard [3-7].

Classical or semiclassical calculations of the interactions between matter and gravitational radi-
ation implicitly assume a coherent state description for the gravitational radiation field. For some
— but not all — analogous problems in electrodynamics, this can be justified formally using so-called
the optical equivalence theorem [3]. Thus, phenomena that indicate deviations from the coherent
state hypothesis for the gravitational radiation field would force us away from that classicality
assumption [7] and require that we bring in a richer quantum description.

Recently [7] we suggested that the statistics of resonant bar detectors, when they function as



quantized “click” detectors [(] are promising in this regard. Here, we extend that work to consider
interferometric quantum phase measurement strategies using resonant detectors. These methods
access additional information that is complementary, in the sense of quantum theory, to “click”
detection.

Discrimination of sub-Poissonian quantum states of gravitational radiation is especially chal-
lenging [7, 9, 10]. We find that use of homodyne techniques, which bring in phase sensitivity, and
heterodyne techniques, which enhance selected quadratures, can be helpful in this regard.

Our proposed tests of acoherence rely on the foundational work of Ref. [6]. There it was sug-
gested that a stimulated absorption probability of order unity can be achieved for gravitational
radiation using challenging, but feasible, parameters for resonant bar detector designs. The stim-
ulated absorption rate is, vs = ’y()(aTa) in the single-mode approximation for the gravitational
radiation field with annihilation operator a. Here 7y is the spontaneous emission rate. The spon-
taneous emission rate () and stimulated absorption rate for single gravitons (s for the 0 — 1

transition) can be estimated for the fundamental acoustic mode of resonant mass detectors to

be [0],
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where GG is Newton’s constant, M, L are the mass and length of the resonant mass detector, and ¢
is the speed of sound, and hg is the amplitude of the incoming gravitational radiation field. Here
w is the resonant frequency of the bar detector, w = mvs/L for the fundamental acoustic mode of a

Weber bar, where v, is the speed of sound for the material used. Hence the stimulated absorption
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rate can be re-expressed in terms of material parameters as vs = hg%gs .
When one estimates for typical Weber bars as was done in Ref. [(], 70 ~ 10733Hz. This can

be compared to the spontaneous emission rate for single gravitons from a single Hydrogen atom,
that is approximately 1074°Hz [11-13]. In comparison, the resonant frequencies for such bars can
also be in the kilohertz range, where we know that gravitational waves exist with observable strain
amplitudes hg ~ 10722 to 1072!. For w/(27) in range 100Hz to 200Hz, this represents (afa) ~ 103
gravitons [13]. Therefore, a stimulated absorption probability v;At ~ yo(afa)At of order unity
can be achieved in practice within the millisecond timescales (At ~ 1ms) that are relevant to the
experiment [0, 11].

The product At represents the graviton-to-phonon conversion efficiency. It is a very small
number, but gets compensated by the number of gravitons in the incoming radiation field, making

it feasible to observe quantum jumps induced in resonant mass detectors. For click detectors that



monitor quantum jumps stimulated by the gravitational radiation, the signal is already at the level
of yAt(a'a) as discussed. Our previous work has shown that the observable excess noise in counts
is equal to (y0A1)2Q(a’a), where @ is the Mandel’s Q parameter [7]. Thus, if the gravitational
radiation field is in a quantum mechanical state for which @ ~ O((a'a)), then the excess noise
becomes observable too. We showed that a variety of plausibly relevant states, including squeezed
and thermal states, have that feature.

One objective of this present work is to show that even when Mandel’s ) is bounded, as
such is the case for sub-Poissonian states having —1 < @ < 0, the quantum mechanical noise
characteristics can be amplified by choosing appropriate quantum phase measurement strategies
which complement click detectors. We will show in the upcoming sections that the excess quantum
noise observable in phase-quadrature measurements can be of the same order as fyoAt<aTa>. This
linear dependence on the excess noise in At for quadrature measurements is also not surprising,
as the variances of X and P have the same number (two) of creation and annihilation operators
as the number operator, a'a. Therefore, the noise in quadrature measurements can be of the same
order of magnitude as the signal in number (click) measurements. To further substantiate this,
note that for quadrature measurements, the signal is actually proportional to \/79At, the square
root of the graviton-to-phonon conversion efficiency.

More generally, we demonstrate that measurement of complementary quantum noise characteris-
tics gives additional insight into the character of radiation fields, and can bring to light additional
phenomena — specifically, violations of the coherent state hypothesis — that transcend classical

physics.

II. FRAMEWORK

For later use let us briefly recall some essential results from [7]. Given the rotating wave
and single mode approximations, the problem of resonant detection of radiation fields involves the

interaction Hamiltonian obeying,

HiAt = hy/v0At(a’b + bTa). (2)

The mode b is the detector (acoustic mode of the resonant mass detector), the mode a represents the
gravitational radiation field in the single mode approximation, and - is the spontaneous emission
rate of the detector for the field quantum (graviton). With this model, we revisit the graviton

counting statistics framework developed in Ref. [7] to set the stage for the complementary phase



detection strategies that follow. A generic quantum state of the field p, and vacuum of the detector

|0)(0| evolve as [7],
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where we have used the Sudarshan-Glauber diagonal P representation for the arbitrary state of

the radiation field, p [3, 15]:

p= [ @ar(@aal. ()
For click detections, we obtain the following probability, P, for registering n clicks, given by [7],

P, = tri{ (n|Ur(p @ [0)(0) U} n)}
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From this, one can estimate that the average number of clicks is given by,
o
n= Z nP, = sin?(y/70At){aa) ~ yAt{a'a), (6)
n=0
and the variance,
(An)* =~ 7 + (10At)*Q(a'a), (7)
where @ is the Mandel’s () parameter defined as,
(AN)?) — (N)

where N = afa. Another helpful test statistic relevant at low count rates is the ratio [7],
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For a coherent state, Q = 0, and it can be noted that the observable detector variance (An)? = n
for the resonant detector. We also see that R = 1 for coherent states. However, certain quantum
mechanical states would show observable departures from a coherent state based on the global
statistics or the ratio test. We see that if y9At(a'a) is of order unity (which is satisfied by appro-
priate resonant bar detectors even for gravitational radiation having energy densities comparable

to the LIGO-band gravitational waves [6]), as well as if the Mandel’s ) parameter is of order (a'a),



then such departures will become visible as excess quantum noise in the resonant detector [7].
Our earlier work pointed out that thermal states, and highly squeezed vacuum states which are
super-Poissonian, show observable deviations from coherent states based on the above acoherence
criteria proposed for click detectors [7]. However, the class of states that are difficult to discrim-
inate with the above criteria are sub-Poissonian states, for which the Mandel @ is bounded such
that —1 <@ < 0.

The smaller variance of sub-Poissonian nature for measurements in the number basis implies
that appropriate quantum measurements of phase would reveal the excess noise in these quantum
states in the “phase” observable. In this present work, we explore phase-sensitive (homodyne) and
phase-preserving (heterodyne) measurements to capture the excess phase noise. Through this, our
goal is to propose additional tests of acoherence, that are complementary to our earlier work [7],
while also probing a regime (sub-Poissonian noise) that is considered by many as the highest

standard for verifying the quantum nature of radiation fields in practice.

III. PHASE SENSITIVE QUANTUM MEASUREMENTS (HOMODYNE DETECTION)

We first consider the case of phase-sensitive quantum measurements, also known as homodyne
detection. For homodyne detection, the objective is to measure along one direction (given phase)
in the phase-space. This can be achieved by using a local oscillator as a phase reference to the
signal at the same frequency. While an arbitrary direction can be chosen, we pick this direction as
the Z direction for simplicity, where the measurement operators are simply the projectors, |x)(x|
on the detector, for the observable & = xq(b + b')/v/2 :  Z|z) = z|x). We obtain the following

probabilities for observing a given quadrature x, given by,

Pp(x) = Trp(zple” #7%p @ [0)(0]er "4 p)
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where z¢ o< VA is the zero-point length of the detector mode. Here, we have also made use of the

relation, Re[—iasin(v/0At)] = Im(a) sin(v/oAt). We find that,

() = V2xgsin(y/y0At) /dQQP(a)Im(a) = V220 sin(y/70At) (Im(a)). (11)

Similarly, we have,

(z%) = %x% + 222 sin?(1/y0At) / d*aP(a)Im(a)? = %x% + 22 sin? (/0 At) (Im(ar)?). (12)



We obtain that the variance is given by,
(A2)%) = (#%) — (2)° = %x?) + 2a sin’ (v/70 A1) [(Im(a)?) — (Im(a))’]
= 12 % + sin?(y/70At) (((AP)Q) - 1)] (13)
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We have made use of the result,

2(Im(a)?) — (Im(a))?] = ((AP)?) — % (14)

where P = (a — al)/(iv2), X = (a + a)//2 are the quadratures of the field represented in
dimensionless units (see Appendix. A). We can now estimate the observable quantum noise for

different quantum states of the radiation field. First we estimate the noise observable for a coherent

state p = |a)(a| for which ((AP)2) = 1/2. We find that,
(A2)%) = 2. (15)

For a thermal state of the gravitational radiation with average thermal quanta n;p, the P function,

and the momentum variance are given by,
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We obtain,
A 1 .
(A2)?) = Sag + 225 sin’ (v/70A) [(Tm()*) — (Im(a))’]
= %:):(2) + 222 sinQ(\/yoAt)% = 22 |ny, sin(v/y0At) + % . (17)

If the number of thermal gravitons are of the same order that the resonant detector would register
a click: (afa)sin?(y/0At) ~ yAt{aTa) ~ O(1), we see that the quantum noise of gravitons in the
thermal state also show a similar order of magnitude difference in the excess noise in homodyne
measurements. For Weber bars used as click detectors for gravitons as proposed in Ref. [(], stim-
ulated absorption probability vo(a'a)At of order unity can be achieved for gravitational radiation
with energy densities comparable to the LIGO band. Hence it appears that such tests are feasible
within reasonable time windows (At ~ 1ms). While click detection strategy was proposed only
recently, homodyne detection has the added advantage that it is similar in spirit to how Weber’s
classical detection strategy would have worked.

We can also generalize our results for a generic Gaussian state (a displaced, squeezed, thermal

state. See Appendix. A),

(A2)?) = 2 H%ﬂ;_‘_l[cosh(%“) + sinh(2r) cos(¢)] — ;} sin?(\/y0At) + % . (18)



Consider gravitational radiation in a squeezed vacuum state: ny, = 0 and ¢ = 0. In this case, we

get,

1
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(19)
which again suggests that excess quantum noise along the other quadrature is observable, since
exp(2r) sin?(y/y0At) ~ exp(2r)yAt ~ O(1) for large squeezing such that (a'a) = sinh(r)? ~
exp(2r) ~ 103, which corresponds to number of gravitons with energy densities comparable to
LIGO band gravitational waves.

In the special case ¢ = 7 one obtains,

(807 = | { Gexn(-2r) - 5 fsin*(v/080) + 3, (20)

Then in the limit » — oo we find

(80 = | { g exn(-2r) - 5 fsin(/080) + 5 - ;[1 —swt(vudh)|. (2

Here noise below vacuum noise is difficult to measure, since v9At alone is very small. This difficulty
was also pointed out recently in [9, 10].
It is interesting to see what results we find for a Fock (number) state that is maximally sub-

Poissonian. For a number state |n) we know that,

(APP) = (A% = T EL (22

Hence, we obtain that,

(A2)?) = 2 % +sin?(y/y0At)n| . (23)

If the number of gravitons making up the gravitational radiation in this context has energy densities
comparable to that of LIGO band gravitational waves (n ~ 10%), we can have nsin?(y/70At) =~
nyAt of order unity for typical Weber bar detectors. This suggests that for our phase-sensitive
quantum measurement strategy, the deviation in the excess noise produced when compared to a
coherent state of the radiation field can be of order unity. This should be compared to statistical
noise in direct click detection, which does not discriminate between Fock and coherent states [7].

While our tests are based on the excess quantum noise produced (i.e., in the second moment),
it can be noted that the average signal also exhibit complementary features depending on the

quantum state of the radiation field, and the detection strategy used [10].



IV. HETERODYNE DETECTION

Heterodyne detection corresponds to projecting the field on to the coherent state basis, described

by measurement operators,

Ky = =16 (24)

The factor of m comes from the overcompleteness of coherent states. For the interaction Hamiltonian

we have considered, the probability of measuring a given coherent state |53) is given by,

Po(8) = —Tep(Bple 189 o 0)(0]er "2!|5p)

_! / PaP(a)e BB, (25)
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A. Statistics of quadratures

From Pp(3) given in Eq. (25), we can estimate the moments of measured quadrature outcomes,

(Re(3)) = [ 3Re(8) [ dPap(aye et
—sin(y/30A) [ aP(a)im(a) = sin(y 080 (lm(a).
(Re(8)?) = 5 +sn*(v20) [ EaPlalim(a)? = 5 + sin?(y00) (Tm(a)).
() = [ Re(®) . [ Paplajeriosnvasor
— —sin(v/08) [ PaP(a)Re(a) = - sin(y0A0) (Re(a)).
(n(3)?) = 5 -+ sin’ (V) [ PaPla)Re(a)? = § +sin* (VoA (Re()).  (26)

These results yield the following estimates for the variances,

(ARe(5))?) = 5 + sin® (v 302D (Im(0)?) — (Im(a))’]
- ;{1 + sin?(y/0At) [((AP)2> - ﬂ } (27)

and

((AIm(B))?) = % + sin®(v/70A1)[(Re()?) — (Re(a))?]
_ ;{1 + sin(y/7020) [<(AX)2> - ﬂ } (28)



As an example, we consider a squeezed state with ¢ = 0 and ny;, = 0. In this case, <(AP)2> — e /2,

and <(AX)2> — €727 /2. In the limit of large squeezing (r — oo) we find that,
(AIm(8))?) = ;{1 + sin?(v/70A) [<<M>2> - ;] }
- L sumn [ - 1} o oot ~

, (29)

N =

and the last equality holds since vgAt < 1. However we can consider the noise observable in the

conjugate signal. For r > 1, we find,

1

((ARe(B))?) = ;{1 +sin®(v/70At) [<(AP)2> - 2] }
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This again suggests that a large squeezing can make the excess noise of gravitons visible as noise
in one of the quadratures. However, note that the excess noise observable in each quadrature of
heterodyne is a factor of two smaller than that observable in the homodyne signal (in units where
we set g = 1).

Next we also consider the detector response to heterodyne quadrature measurements for a

maximally sub-Poissonian number state of the radiation field. We obtain,

((ARe(B))?) = % + sin’(v/70At)[(Im(a)?) — (Im(«v))?]
= ;{1 + sin?(\/~0At) [((AP)2> — ;] }
= ;{1 + sinQ(\/'ygAt)n} (31)

and

((AIm(B))%) = % + sin®(v/70At)[(Re(e)?) — (Re(a))?]
_ ;{1 + sin(y/70A0) [<(AX)2> - ﬂ }
= ;{1 + sin2(\/'ygAt)n} (32)

We arrive at the same conclusion as before. The noise characteristics in the heterodyne signal
for a Fock state are similar to those of a thermal state, a factor of two smaller when compared
to homodyne. Nevertheless, as is evident, both homodyne and heterodyne detection strategies
can discriminate a Fock state from a coherent state, while click detectors cannot. Given that

click detectors can discriminate a thermal state from a coherent state, these different (phase and
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number) quantum measurement strategies can be combined to definitively test the acoherence of
gravitational radiaiton through the methods we have discussed here.

Finally, we note that the measurements of power fluctuations in the heterodyne signal tells a
different story, that is comparable to click detectors. In Sec. IV B, we show that measuring het-
erodyne power fluctuations does not allow to discriminate the number state from a coherent state,
while thermal states are discriminable. This also suggests that combining different measurement
strategies, it is possible to map out the quantum states of the radiation field, including that for

gravitational radiation using bar detectors.

B. Statistics of power in the heterodyne signal

We first estimate the moments of the heterodyne power, which we define as, J = b'b. For the

average, we obtain,

) =W = [ @sro@or =1 [ #ari [@sppe e
_ / RaP(a)[1 + sin?(v/A0AD)|af] = 1+ sin?(v/70A) (a'a). (33)

Similarly, we can write the variance as,
(AJ)2) = (01)2) — (1) = (1b) + ((81)22) — (b0)?
— (1820 + (810 — 181
— [ @8Po(®I5P + 131" - (15

1
= [ daPla) [ e e S g gt - (5 (34)
We evaluated the first term above already, and the third term is simply the square of the first

integral since it is integrating a constant (squared average). The second term gives,
» [ #apla) [ @pertorsntEmSOR gt — [ @Eap(a)(z + ajaf? sin? (vAolE) + faf!sint (v2050)
= 2+ 4sin?(/yAt)(a'a) + sin?(V/0At)((ah)?a?). (35)
We can substitute this back, and find,
== [ @ap(a) [ dpe s mSIRaR 1 |3yt — (322
— 24 35in?(v/0A0) (ala) + sin*(v/70AD[((ah)2a?) — (ala)?]
(ata) + sin*(\/20AD)[{(ala)? — ala) — (aa)?
() + sind (VA0 AD[((AN)2) — (W)
(N) +sin* (/% ADQ(N), (36)

—

=24 3sin’(v/0A

VJJZ

=2 + 3sin?(V/ A

=2+ 3sin?(y/y At
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where N = ala. For YAt < 1, we can write sin?(y/70AfL) ~ yAt. In this case, we have,

(J) = 1+7AHN), and, ((AJ)?) & 24 37AHN) + (0 AD)2Q(N) = (3(J) — 1) + (70 At)2Q(N).
(37)
We see that super-Poissonian states which have a large ) can make the noise of the radiation
field measurable in heterodyne power fluctuations too. In the gravitational context, we have
(N) sin?(y/40At) = v At(N) ~ O(1) for Weber bars (79 ~ 10733Hz), and for intense ((N) ~ 10%%)
gravitational radiation with energy densities comparable to LIGO band graviational waves, within
reasonable time windows (At ~ 1ms). For Q ~ O((N)), we will also be operating in a regime
where (v0At)2Q(N) is substantial. Hence the excess quantum noise of gravitons in these states
will manifest as excess noise in the power of the heterodyne signal. However, as shown above,
the noise characteristics, although differ in form from what a number detector could measure as
described in Ref. [7], have a similar nature.
Finally, note that above we defined the heterodyne power fluctuations based on the operator
J = bib. Alternatively one could think of a classical signal j = |3|? and estimate its fluctuations,
(A7)% = (j2)—(j)2. Note the measured fluctuations will therefore be different. We obtain that mean
is same as before, (j) ~ 1+7At(a’a), and that the variance ((A7)%) = (2(j) —1) + (70At)2Q(ata).

V. CONCLUSION

We have compared different quantum measurement strategies: the measurements of quantum
jumps (clicks), and diffusive quantum phase measurements, and discussed how they can be comple-
mentary for probing the quantum mechanical character of gravitational radiation using resonant
mass detectors. The feasibility of such tests is justified by recent observations that resonant mass
detectors allow us to have stimulated absorption probabilities that are of order unity for gravita-
tional radiation with chirp frequencies and energy densities comparable to the LIGO band [6, 14].
Our analysis suggests that the excess quantum mechanical noise in different quantum mechanical
states of the radiation field must manifest in a complementary manner when subjected to different
(number or phase) quantum measurement detection strategies. In particular, the sub-Poissonian
quantum character in gravitational radiation, if it exists, may also be observable as excess noise
in a phase-sensitive measurement, while it may remain elusive to click detectors. Our proposed
tests can therefore be used to definitively address the question of whether gravitational radiation
reveals its quantum character when measured. Transduction of the signal to smaller masses may

also be possible [17], which may further enhance the feasibility of the tests proposed here.



12

Sources for gravitational radiation with quantum mechanical characteristics are also likely to
exist in nature. Indeed, quantum effects such as squeezing require nonlinearities at the source,
and general relativity is an inherently nonlinear theory. Single- and multi-mode squeezing of
gravitational radiation has been proposed in some contexts. For instance, cosmological expansion
is one paradigm that is expected to squeeze primordial gravitational radiation [18, 19]. The simplest
of such multi-mode scenarios we could consider is pair-creation in the gravitational context where

gravitons are produced in pairs via interactions of the type,
Vi ~ —iglaga_j — aLaT_k). (38)

Above g can be thought of as the pump or source mode in the semiclassical approximation, analo-
gous to the pump mode in parametric down conversion. The resultant quantum state of gravitons

will be the two-mode squeezed vacuum state,

[tanh(gt)]™
9) = exp (~iViD)]0)s[0) = 3 O conh(gr) kI (39)
k

We can use this quantum state to predict the results for a ratio test that is possible with a click
detector. Assume that our detector only has access to one of the modes from the pair, say, with wave
vector k. To the leading order, we find the following click probabilities, Py ~ 1, P, = fyoAt(aLak),
and Py ~ ('yoAt)2<(aL)2az>/2. Since (a,taw = sinh?(gt) and <(ak)2az> = sinh*(gt) for the quantum
state [1), we obtain the ratio R = 2PyP,/P? = 2. The result is different from the coherent state
result (R = 1), and is equivalent to the result expected for a thermal state with average quanta
Nep = sinhz(gt). It is not surprising, as tracing out one of the modes from a two-mode squeezed

vacuum state results in a thermal state for the other mode.

While a systematic analysis of nonlinearities involved can be substantially more challenging close
to the merger, it has also been suggested that head-on collisions of black holes may also generate
acoherent quantum mechanical states of this nature [20]. Hence, it is highly suggestive that the non-
classical features of the gravitational radiation can be probed in near-future resonant bar detector-
based measurements using the methods we have proposed here. The quantum noise characteristics
observable in ground-based resonant mass detectors could reveal important information about
various quantum mechanical effects that are relevant at the sources of gravitational radiation and

in propagation, thereby offering a new quantum mechanical window into the observable universe.
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Appendix A: Summary of useful results

Using dimensionless representation for X and P:

1 1

A——a aT > 76‘6—an

we obtain, (a|X|a) = vV2Re(a) and (| X?|a) = Re(a?) + |a|? + 1/2 = 2Re(a)? 4 1/2. Similarly,
(a|Pla) = v2Im(a) and («|P%a) = —Re(a?) + |a|? + 1/2 = 2Im(a)? + 1/2. We can use these

results to estimate the position and momentum variances in the P representation for an arbitrary

density matrix:

p= [ @ar(@aal. (A2)

From this we find,

(AX)?) =

(APY) =
This yields,
((Atm(a)?) = 5 [(APP) - 5, and
1
>

((aRe()?) = 5 [((a%)%) - 3. (A4)
For a generic Gaussian state, we can use,
(AP)?) = %[cosh(?r) + sinh(2r) cos(6)], (A5)

and

(AX)2) = %[cosh(%) _ sinh(2r) cos(e)]. (A6)
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It is easy to see that the above results are true for a coherent state and a thermal state. As for a

non-trivial check, we may use the following P function used for a squeezed vacuum state [22, 23],

P(a) = [e“"6(agr)|le9"6(ar)], (A7)
where,
1—e?r 92
r= W@? (A8)
and
1— 627’ 82

We have also denoted Re/Im(a)= ap s1- From this, we can estimate the mean, and the variances.

Note that, for the above P function, we can easily verify that the mean is equal to zero. For the

variance,
1— 627“
/dzaa%P(a) = /daR(aR)2[60R5(aR)] = /daR6(aR)[eOR(aR)2] = (A10)
similarly,

err —1

/ 2aa2P(a) = / dos(ar)2e=05(ar)] = / dord(an)[e~O (o) = 1. (A11)

From these we find,

(AXV) = 5 +2((ARe(a))?) = /2, (A12)
and
(AP)?) = % +2((Alm(a))?) = ¥ /2. (A13)

The result matches explicitly.

[1] B.P. Abbott, R. Abbott, T. D. Abbott, M. R. Abernathy, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, V. B. Adya, et al. (LIGO Scientific Collaboration and Virgo Collaboration),
Observation of gravitational waves from a binary black hole merger, Phys. Rev. Lett. 116, 061102
(2016).

[2] B. P. Abbott, R. Abbott, T. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams, P. Addesso,
R. Adhikari, V. B. Adya, et al., Gw170817: observation of gravitational waves from a binary neutron
star inspiral, Physical Review Letters 119, 161101 (2017).

[3] M. Parikh, F. Wilczek, and G. Zahariade, Quantum mechanics of gravitational waves, Phys. Rev. Lett.
127, 081602 (2021).

[4] M. Parikh, F. Wilczek, and G. Zahariade, Signatures of the quantization of gravity at gravitational
wave detectors, Phys. Rev. D 104, 046021 (2021).

[5] M. Parikh, F. Wilczek, and G. Zahariade, The noise of gravitons, International Journal of Modern
Physics D 29, 2042001 (2020).


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.127.081602
https://doi.org/10.1103/PhysRevLett.127.081602
https://doi.org/10.1103/PhysRevD.104.046021
https://doi.org/10.1142/S0218271820420018
https://doi.org/10.1142/S0218271820420018

[6]

[22]
[23]

15

G. Tobar, S. K. Manikandan, T. Beitel, and I. Pikovski, Detecting single gravitons with quantum
sensing, Nature Communications 15, 7229 (2024), publisher: Nature Publishing Group.

S. K. Manikandan and F. Wilczek, Testing the coherent-state description of radiation fields, Phys. Rev.
A 111, 033705 (2025).

E. C. G. Sudarshan, Equivalence of semiclassical and quantum mechanical descriptions of statistical
light beams, Phys. Rev. Lett. 10, 277 (1963).

D. Carney, V. Domcke, and N. L. Rodd, Graviton detection and the quantization of gravity, Phys. Rev.
D 109, 044009 (2024).

D. Carney, Comments on graviton detection (2024), arXiv:2408.00094 [gr-qc, physics:hep-ph,
physics:hep-th, physics:quant-ph].

S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Rela-
tivity, 1st ed. (John Wiley & Sons, Inc., New York, 1972).

T. Rothman and S. Boughn, Can Gravitons be detected?, Foundations of Physics 36, 1801 (2006).

F. Dyson, Is a Graviton Detectable?, International Journal of Modern Physics A 28, 1330041 (2013),
_eprint: https://doi.org/10.1142/S0217751X1330041X.

V. Shenderov, M. Suppiah, T. Beitel, G. Tobar, S. K. Manikandan, and I. Pikovski, Stimulated absorp-
tion of single gravitons: First light on quantum gravity (2024), arXiv:2407.11929 [gr-qc, physics:hep-th,
physics:quant-ph].

R. J. Glauber, Coherent and incoherent states of the radiation field, Phys. Rev. 131, 2766 (1963).

H. A. Loughlin, G. Tobar, E. D. Hall, and V. Sudhir, Wave-particle duality of gravitational radiation
(2025), arXiv:2504.03527 [quant-ph].

G. Tobar, I. Pikovski, and M. E. Tobar, Detecting kHz gravitons from a neutron star merger with a
multi-mode resonant mass detector, Classical and Quantum Gravity 42, 055017 (2025), publisher: IOP
Publishing.

L. P. Grishchuk and Y. V. Sidorov, On the quantum state of relic gravitons, Classical and Quantum
Gravity 6, L161 (1989).

L. P. Grishchuk and Y. V. Sidorov, Squeezed quantum states of relic gravitons and primordial density
fluctuations, Phys. Rev. D 42, 3413 (1990).

I. Lovas, Quantization of Gravitational Waves and Squeezing, Acta Physica Hungarica A) Heavy lon
Physics 13, 297 (2001).

S. K. Manikandan and F. Wilczek, Probing quantum structure in gravitational radiation, Essay written
for the Gravity Research Foundation 2025 Awards for Essays on Gravitation.

W. Schleich, Quantum Optics in Phase Space (Wiley, 2011).

G. Leuchs, R. J. Glauber, and W. P. Schleich, Intensity-intensity correlations determined by dimension
of quantum state in phase space: P distribution, Physica Scripta 90, 108007 (2015), publisher: IOP
Publishing.


https://doi.org/10.1038/s41467-024-51420-8
https://doi.org/10.1103/PhysRevA.111.033705
https://doi.org/10.1103/PhysRevA.111.033705
https://doi.org/10.1103/PhysRevLett.10.277
https://doi.org/10.1103/PhysRevD.109.044009
https://doi.org/10.1103/PhysRevD.109.044009
https://doi.org/10.48550/arXiv.2408.00094
https://doi.org/10.1007/s10701-006-9081-9
https://doi.org/10.1142/S0217751X1330041X
https://doi.org/10.48550/arXiv.2407.11929
https://doi.org/10.48550/arXiv.2407.11929
https://doi.org/10.1103/PhysRev.131.2766
https://doi.org/10.48550/arXiv.2504.03527
https://doi.org/10.1088/1361-6382/adae4a
https://doi.org/10.1088/0264-9381/6/9/002
https://doi.org/10.1088/0264-9381/6/9/002
https://doi.org/10.1103/PhysRevD.42.3413
https://doi.org/10.1556/APH.13.2001.4.12
https://doi.org/10.1556/APH.13.2001.4.12
https://books.google.se/books?id=2jUjQPW-WXAC
https://doi.org/10.1088/0031-8949/90/10/108007

	Complementary Probes of Gravitational Radiation States
	Abstract
	Introduction
	Framework
	Phase sensitive quantum measurements (Homodyne detection)
	Heterodyne detection
	Statistics of quadratures
	Statistics of power in the heterodyne signal

	Conclusion
	Acknowledgments
	Summary of useful results
	References


