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Quantum noise in laser-interferometer gravitational-wave detectors
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We analyze and discuss the quantum noise in signal-recycled laser interferometer gravitational-wave detec-
tors, such as Advanced LIGO, using a heterodyne readout scheme and taking into account the optomechanical
dynamics. Contrary to homodyne detection, a heterodyne readout scheme can simultaneously measure more
than one quadrature of the output field, providing an additional way of optimizing the interferometer sensitiv-
ity, but at the price of additional noise. Our analysis provides the framework needed to evaluate whether a
homodyne or heterodyne readout scheme is more optimal for second generation interferometers from an
astrophysical point of view. As a more theoretical outcome of our analysis, we show that as a consequence of
the Heisenberg uncertainty principle the heterodyne scheme cannot convert conventional interferometers into
(broadbang quantum non-demolition interferometers.
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I. INTRODUCTION antisymmetric port is quadratic in the GW amplitude, and
Long-baseline laser-interferometer gravitational-wavetherefore insensitive to it, to first order. The standard way to
(GW) detectors have begun operation in the United State§ircumvent this is to cause interference in the signal field
[Laser Interferometer Gravitational-wave ObservatoryWith a relatively strong local oscillatdiLO) field, such that
(LIGO) [1]], Europe (VIRGO [2] and GEO 600[3]) and the intensity of the total optical field, detected at the beat
Japan(TAMA 300 [4]). Even as the first detectors begin the frequency, varies linearly with the GW amplitude. The vari-
search for gravitational radiation, development of the nexPuS methods of measuring the GW-induced signal at the an-

; tisymmetric port are referred to asadout schemes.
generation detectors, such as Advanced LIGOLIGO-II), ; e
is underway. With planned improvements in the seismic Previously{7-11], the quantum noise in Advanced LIGO

noise reduction, via active vibration isolatips], and in the wﬁihc?*%uIl?(ge?ie?dssousrgill?egez 2?$<g(i¥lgethr:1i?rl:; fsrf;zeurgﬁgym
“Tzlatli ngt tﬁg éhfig2'130(':?;\;6\:';?;:22;0;’5 gtenégs?ﬁ:'calas the incident laser. The homodyne readout scheme can pose
quallty P . P . significant technical challenges for laser noise. In this paper
sensitivity of second generation detectors is expected to b\%‘/e consider heterodyne readout schemes, in which the LO

quantum-noise limited in much of the detection band fromp 55 gifferent frequencies from the carrier. The heterodyne

10 to 10 Hz. o _readout is usually implemented, as in the initial LIGEr
The optical configuration of all current GW detectors in- | |GO-1), by using phase modulated light: the light incident
cludes a Michelson interferometer. Two 4-km-long Fabry-on the interferometer consists of a carrier and radio fre-
Perot cavities are inserted into the arms of the Michelsomuency(rf) phase modulatior{PM) sidebands. Using the
interferometer; the optical field builds up in the cavities andSchnupp asymmetrjl13], the PM sidebands are transmitted
samples the GW-induced phase shift multiple times. The arnto the photodetector as efficiently as possible, while the car-
cavities thus increase the sensitivity of the detector. Theier still returns to the bright port. The transmitted sidebands
Michelson-based optical configuration makes it natural to dethen act as a LO against which the GW signal can beat.
compose the optical fields and the mechanical motion of th®emodulation at the modulation frequency converts the sig-
arm-cavity mirrors into modes that are either symmefite.  nal back down into the baseband. This technique circum-
equal amplitude or antisymmetric(i.e. equal in magnitude vents laser technical noise by upconverting the signal detec-
but opposite in sighin the two arms, as explained in detail, tion to frequencies where the laser light is shot-noise limited
for example, in Refg.7—10]. No light leaves the interferom- (a few megaheriz Here we do not concern ourselves with
eter from below the beam splittéBS) or dark port, except technical noise in the laser; we consider only the fundamen-
the light induced by the antisymmetric motion of the arm-
cavity test-mass mirrors, e.g., due to a passing gravitational———
wave, or due to vacuum fluctuations that originally enter the 'Because all cases of heterodyning we consider in this work are
interferometer from the dark port. Since GW interferometerscarried out at radio frequencies, we refer to this readouRBs
operate on a dark fringe, the intensity of the light exiting themodulation-demodulation
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tal quantum noise in the lightWhen the rf modulation- ETM

demodulation readout scheme is implemented, more that
one quadrature of the interferometer output will be available
for measurement, providing an additional tool for the opti-
mization of the sensitivity, which is not available in homo-
dyne detection.

However, anadditional quantum noise contribution, as
compared with the homodyne readout scheme, usually ap
pears in this scheme during the photodetection process—a PRM
was realized by Gea-Banacloche and Luechs in REf] |
where they evaluated the compatibility of squeezing and| Laser
modulation-demodulation readout schemes in simple Mich- |
elson interferometers, and also by Schnupp, using more ger
eral considerationgl3]. This additional contribution is due A
to vacuum fluctuations in frequency bands that are twice the . 1
modulation frequency away from the carrier. Subsequently, '
the heterodyne scheme was investigated in more detail by FIG. 1. We draw a signakand powerjtecycled LIGO interfer-
Niebauer et al[14] and Meers and Straiil5]. These works ometer. The laser light enters the interferometer from thetheight
[12-15 focused exclusively on the detection of the outputport, through the power-recycling mirrdPRM), and gets split by
phasequadrature witlphasemodulated LO lightat the out- @ 50/50 beam splitter into the two identic¢al the absence of gravi-
put porb, which is appropriate for conventional GW interfer- tational wavesarm cavities. Each of the arm cavities is formed by
ometers with low circulating power, and hence negligiblethe input test:masgTM) and the end test-mag&TM) mirrors. A
back action noise, but not for the advanced GW interferomsignal extracting mirrotSEM) is placed at the dark port, forming a
eters considered here. signal extractingSE) cavity with the ITMs.

The main purpose of this paper is to further generalize the
results obtained in Ref§12—-19, by including the possibil- dyne detection performed on an otherwise identical conven-
ity of detectinggenericquadratures with LO light that are tional interferometer with lower input laser power.
mixturesof phase and amplitude modulation to the carrier, This paper is organized as follows. In Sec. Il we describe
and applying them to advanced GW interferometers, such age modulation and demodulation process and derive the de-
Advanced LIGO. In particular, we provide expressions antmodulated output of signal-recycled interferometers in terms

examples of the quantum noise, taking into account explicyt quadrature operators and arbitrary heterodyne field ampli-
itly both the variable-quadrature optimization and the addi,qeg taking the simplest sine-wave modulation/

tional heterodyne noise. This lays the foundation for °ptimi'demodulation scheme as an example; in Sec. Il we derive

éiﬂ?gegfa%e f(()jre::eocraorafiigiltgleltt)\//v;z; Shpeet(e:l:(l)c 4 ar?g(;%zyzgﬂthe expressions for the quantum noise spectral density in this
P ) ; yn gcheme, and apply them to the initial and Advanced LIGO
dyne schemes from an astrophysical point of view. The re

sults of these investigations will be reported elsewlie6s. interferometers; in Sec. IV we analyze a completely general

Recently, Somiy&17] showed independently the possibil- modulation/demodulation scheme, derive a quantum limit for

ity of measuring different quadratures through heterodyné‘etemdyne measurements, and discuss the consequence of

detection, and investigated the consequences for both COH]is quantum limit for conventional interferometers. Finally,

ventional and signal-recycled interferometers. However, thd? Sec. V, we present our conclusions.
additional heterodyne noise was not explicitly taken into
account—it was hoped that, in certain sophisticated hetero-
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dyne schemes, the additional heterodyne noise becomes neg- II. THE RADIO-FREQUENCY
ligible, while the variable-quadrature optimization remains MODULATION-DEMODULATION SCHEME
possible. However, as we show in this paper, the additional IN ADVANCED LIGO

heterodyne noise is a direct consequence of the Heisenberg
uncertainty principle, and will always exist as long as more
than one quadrature is available for simultaneous measure- The Michelson interferometer is operated on the dark
ment. Moreover, the Heisenberg uncertainty principle givedringe to minimize static laser power, and hence the shot
rise to a quantum limit to the additional heterodyne noisenoise associated with this light, at the antisymmetdark)
which is frequency independent unless a frequencyport. Since most of the light returns toward the laser, a par-
dependent squeezing is implemented. This frequencytially transmitting mirror, the power-recycling mirréPRM)
independent quantum limit will seriously constrain the poweris placed between the laser and the beam splitter to “recycle”
of the variable-quadrature optimization of heterodynethe light back into the interferomet¢t8] (see Fig. 1 The
schemes in achievingbroadbanyl quantum non-demolition optical configuration currently planned to achieve quantum-
(QND) performance. In fact, for conventional interferom- limited performance in Advanced LIGO uses the resonant
eters, all quantum-limited heterodyne detection can beideband extractiofRSE technique[19], in addition to
shown to be equivalent to a frequency-independent homagpower recycling. In RSE, an additional partially transmitting

A. Overview of Advanced LIGO optical configuration
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mirror, the signal extraction mirrdSEM), is placed between coupling induced by detuned RSE/SR significantly modifies
the antisymmetric port of the beam splitter and photodetectothe dynamics of the interferometer, introducing an additional
(see Fig 1. resonance at which the sensitivity also pegks11].

The optical propertiegreflectivity, loss of this signal ex-
traction mirror and its microscopic positidim fractions of

the wavelength of the laser light, 1.0¢4m) can signifi- B. Modulation and demodulation processes
cantly influence the frequency response of the interferometer ) _ )
[19,20. When the signal extraction cavit SEQ— The rf modulation-demodulation scheme comprises two

comprising the SEM and the input test-m&s&\) mirrors  parts: the modulation-preparation and demodulation-readout
of the arm cavities—is exactly resonant or anti-resonant aprocesses. In this section we consider only the simplest case,
the laser frequency, the bandwidth of the entire detector cagine-wave modulation and demodulation. A more general
be increased or decreased by altering the reflectivity of theliscussion of modulation/demodulation schemes can be
SEM. These two special cases are referred to as resondfound in Sec. IV.
sideband extractiofRSE [19] and signal recycling SR) Phase modulated light is incident on the interferometer. It
[20], respectively. is composed of the carrier at the laser frequengy~2

As the signal cavity is slightly offsétletuned from reso-  x10'®s ! and a pair of phase modulation sidebands offset
nance(RSBH or antiresonancéSR), the frequency at which  from the carrier by several megahertz, so,~2m
the peak optical response of the detector occurs can bg1¢f s> GW-sideband frequencyc2mx 10* s™. The

shifted to frequencies where other noise sources are NQfatection port is kept as dark as possible for the carrier, while
dominant. Note that, unlike conventional interferometers anqrL

d RSE/SR interf he f e PM sidebands aiy*+ w,, are coupled out as efficiently as
gur:e 5 E f.R mttgr erometers,l the requenc%/.respons(ﬁhg ssible to act as the local oscillator for the GW-induced
€tuned configurations are no fonger symmetric around arrier field that leaks out. Maximal rf sideband transmission
carrier frequency, with only one resonant peak located either

higher or lower than the carrier frequency. As a consequencés adjusted in two waysi) by a path difference in the arms

although the interferometer will respond resonantly to GW’SOT the l\_/lic_helson interferometer that is arrgnged to be highly
with a certain nonzero frequency, only one of the twpper transmissive for t.he rf compor]ent of the fleld.—the Schnupp
and lowej sidebands the GW generates symmetrically@Symmetry; andii) by matching the transmission of the
around the carrier frequency is on resonance. More generailfOWer-recycling and signal-extracting mirrors so that the ef-
the upper and lower GW sidebands contribute asymmetril€Ctive cavity comprising those two mirrors is critically
cally to the total output field, which makes the GW signal coupled. In addition to the gravitational-wave readout, the
appear simultaneously in both quadratures of the output fielfM sidebands are also useful for controlling the auxiliary
[8—11]. Detuned configurations are neither RSE nor SR indegrees of freedom of the interferomef2d].
the original sense, but roughly speaking, such a configuration In Fig. 2 we show the outgoing optical field at the inter-
can be classified as either RSE or SR by looking at whethefferometer output in the frequency domain, which consists of
the bandwidth of the entire interferometer is broader or narthe GW sidebands, the Schnupp sidebands and quantum fluc-
rower than that of the arm cavity. Historically, since SR wastuations at the output. The relative amplitudes of the rf side-
invented earlier than RSE, some literature refers to all conbands are intentionally shown to be unequal. This is a case of
figurations with a signal mirror as “signal recycled.” unbalanced heterodyning, and is an intrinsic feature of the
Since detuned RSE allows us to control the spectral redetuned RSE interferometer. As described above, when we
sponse of the interferometer and optimize for specific astromove to detuned RSE, the SEC is detuned from perfect car-
physical sources, it has become a strongly favored candidatéer resonance, such that the resonance peak of the signal
for Advanced LIGCO? A notable consequence is that with the cavity coincides witroneof the GW signal sidebands, at the
high laser power of Advanced LIGO, the optomechanicalexpense of the other one; consequently, the GW signal ap-
pears in both quadratures of the output field. At the same
time, this phase shift in the signal cavity moves both rf side-
2RSE, instead of SR, is chosen for Advanced LIGO in order tobands off perfect resonance as well, which results in poor
decrease the required input povj&8]. However, as far as quantum output coupling of both rf sidebands. This can be remedied
noise is concerned, the required circulating power inside the armBy offsetting the rf sideband frequency — or conversely, the
will not be influenced by whether SR or RSE is ugéd,19. macroscopic length of the SEC — to makee of the rf
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sidebands resonal2]. Hence, detuned RSE leads to unbal- E(t)=L(t)+S(t). (1)
anced heterodyne fields. Although the carrier is phase modu-
lated before entering the interferometer, the heterodyne fieldshe first term,
at _the output por§ will no longer act as a pure phase modu- L(t)=[D,ei(®0otemtyD gilo-omt]+H o, )
lation on the carrier.

At the detection port, a standard heterodyne detection pras the(classical LO light composed of the Schnupp sideband
cedure is used to extract the GW signal: fields at frequenciesoy* wy,, with (compley amplitudes
D, andD _, respectively. The magnitude and phaseDof
depend on the specific optical configuration. The two quadra-
tures of the LO are generated by either amplitude modulation
(first quadratureor phase modulatiotsecond quadraturef
the input light. The second term in E¢l) can be decom-
posed into the Fourier components of thatputquadrature
fields, b, (see e.g., Sec. Il in Ref7]), containing both the
(classical GW signal and the quantum fluctuations of optical
fields nearwg,

outgoing light=photodetection
—mixing with cog w,t+ ¢p)
—low-pass filter

=demodulated output.

The photodetection process consists of taking the square %f _ [tedo
the optical field shown in Fig. 2. This operation mixes the (t)=f0 E[
GW signal(and quantum fluctuatiopdocated at frequency

~wo with the rf sideband fields located at frequeney ML 200t
* wy. As a consequence the GW signal is measured in the rf LA 27 [e " bwo*Zwm”ﬁ' H.c]
band aroundt w,,. By taking the product ofor mixing) the

photodetection output with the demodulation function, +AdQ) it )t
cosmt+ ¢p), the GW signal is down-converted back to J’,AE [e bwo+9+H'C']
low frequencies. The result is then filtered by a low-pass

filter, yielding afrequency-independemjuadrature that de- f“dﬂ

e '“tp +H.cl,

pends ongp. However, as we shall see more quantitatively 27 [e7 (o 2em™ ™t b, 54, +atH.C]

in the following sections, in addition to the GW sigriahd

quantum fluctuationscentered at~w,, quantum fluctua- + (contributions at irrelevant frequency bands (3)
tions at~ wy* 2w,, also enter the demodulated output at the

antisymmetric port. This gives rise to an additional noise .
- . here() refers to the GW sideband frequency afes w

term that is not present in a homodyne readout scheme. W : . A m

P y refers to the demodulation bandwidttiFor simplicity and

clarity, we write out explicitly only the terms that will even-
tually contribute to the demodulated output.

The optical field coming out from the interferometeee The photocurrent from the photodetector is proportional
Fig. 1 can be written as a sum of two parts: to the square of the optical field:

C. Demodulated output of LIGO interferometers

i(t)<E2(t)=L2(t)+2L(t) S(t)+ S(1),

=[ contributions at frequencies 0t 2w,, *(2we*2w.,), fromL?(t)]

+AdQ +AdQ
I_Aﬁel(wm—ﬂ)t wa+Q+J_A§e_I(wm+Q)t bw0+2wm+ﬂ

+2D, +H.c.

+AdQ +AdQ
f 2—9'(“’m o bwo_Zwm+(l+f Soe (omt O I

+2D_ 27 L\ 2n

+H.c.

+ (contributions at irrelevant frequency bands

+[terms quadratic itb,b", from S?(t)]. (4

3Note that in bothL(t) and S(t) we disregard the overall factaf2 7% wo/Ac where A is the effective cross sectional area of the laser
beam anc is the speed of light. This factor does not affect the final expression for the spectral density and for simplicity we neglect it. See
Eg. (2.6) in Ref.[9].
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After taking the product ofor mixing) i(t) with cos(yt

+ ¢p) and applying a low-pass filter with cutoff frequency +=F¢pt +arg:)+ : (12)
A, we obtain the demodulated output
i(t)cod wy i+ bp) In the frequency domain, we have
low pass , |D | ) ®
= O(¢p;t) O(¢D:Q)=J§Do{b§;’(9)+ D; ,;f” "(Q)
+AdQ) . . _
I et i 6Dy @t ID_| 420
LA 27T[(D+e p+D_e'?D)e bwo+Q+H.c.] +D_0 bgf 2 m(Q)}, 10|<A. (13)
+AdQ)
+J —[D gldpgi Ot bwo+2w Lo+H.c] The first term inside the brackeﬂs , iIs an output quadra-

ture field around the carrier frequene%, which contains
+AdQ) both the GW signal and vacuum fluctuations in the optical
+f 5-1D- e 'Yoe” b, 5, .otHC] (5 fields near the carrier frequency. In Ref8—11, this
A quadrature field is related to the input quadrature field at the
where we assume the local oscillator to be strong enougRtiSymmetric port via the input-output relations, from which
that the quadratic terms in EG) can be ignored. It is con- the spe.ctral Qen5|ty_of the quantum noise can be derived.
venient to recast the demodulated outg§t in terms of Measuring this field is the task of all readout schemes. For

quadrature operators by using the following relatifor A example, a homodyne scheme can measure directly an arbi-

<w): trary frequency-independent quadrature. For this reason, we
call the quadrature fleldb“’0 the homodyne quadraturéor
f“dﬂ [Ae~ 2tp L A%l Qtpt ] distinction. The two addmonal terms inside the brackets are
w+Q w+Q
A 2T the additional noise, which come from vacuum fluctuations

aroundwg* 2w,,. The sum of all three terms is what we
_ f“dﬂ 2 A, e Ot b”, ,(Q)+Hc. (6) measure in the heterodyne scheme, which we calhétero-

o 2m dyne quadrature

HereA=A, e'* (A, a ) is an arbitrary complex ampli- D. Features of the rf modulation-demodulation scheme
tude, and the quadrature operabdf, _, is defined aqsee

also Refs[8,9]) As can be inferred from Eq(11), as long as|D.]|

#|D_|, all homodyne quadratures can be measured through

b;:)(Q) =b{(Q)sing+bs(Q)co<, (7) some heterodyne quadrature with the appropriate demodula-
tion phased. The (single-sided spectral density5({)) as-
where sociated with the noish,, can be computed by the formula
[see Eq(22) of Ref.[7]]
be(Q) bw+Q+bI;70 be( Q) bw+Q_bL—Q 8 ,
1(Q) 2 ., b3 (Q) i . (8 2m8(Q—0")S(Q)

— /i T ’ T ’ i
The superscripts on the quadrature fields is added to em- (inly(D)ha(27) +hn( Q) ha(D)]in), (14
phasize that the quadratures are defined with respect to thgd if the input state of the whole interferometer is the
central frequency. By applying relatior(6) to the demodu-  vacuum state|{n)=|0,)), the following relation holds:
lated output(5), we get
(04ai(2)a](Q")+al(2)a;(Q)[0,)

wAdQ N
O(¢D;t)=f0 5. € 12 42[D, b, () =278(Q—Q") §;. (15)
wp+20m wp— 20 From Eq.(13) we see that the noise spectral density in the
+[D+| béf (€)+|D| bé? ()] heterod;c/]n(e czuadrature is the sum of Itahat of the hgmodyne
THe. 9 quadrature Sl°™(¢p;Q2), and those of the additional noise
’ terms, $*{¢p;Q2). Since S;"(¢p:02) and S*(¢p; )
in which we have defined come from different frequency bands, we assume that they

are uncorrelated; hence

S ;) =M hp; Q)+ S pp; Q). (16)

Assuming that the fields associated with the additional het-
™ i i dyne noise are in the vacuum state, we get a white
T D o1 D a0 11 erody ) » we g 4
4 argD e &), (D (frequency-independenspectrum for the additional noise,

Do=|D,e 'Yo+D_e'%p| (10

and
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|D |2+|D |2 |D |2+|D |2 TABLE |. Basic quantities of Advanced LIGO interferometers.
d + - + -
S5* o) = 2 - Zig i¢p|2’ -
D& D, e Yo+ D _ge'%D| Quantity Symbol and value
1
@9 Laser frequency wo=1.8X10% st
which usually depends othp, unless eitheD . or D_ is  GW sideband frequency Q
zero, which we refer to as thetally unbalancedtase. In the Input test-mass transmissivity T
case of balanced modulation, whéb . |=|D_|, only one  Arm-cavity length L=4 km
quadrature, Mirror mass m
Light power at beam splitter lg
SEM amplitude reflectivity and transmissivity P, T
balanced_ ™ 1
& =5 + E(arglr +argD_), (18 SEC length |~10 m
SEC detuning d=[wol/Clmod 2+
is measured, with additional noise
w w
. blo 1 25 Cuu Cp alo
ﬁdd balanced — (19) p@o Y C, C 2o
2" 2 21 22/ \ a,
. . . . . [D
and with a frequency-independent optimal demodulation +\2KCrelB 1| _h , (21)
phase D,/ hsoL

1
¢galanced:§[arg3+_ar®7]+NW7 N=0,x1,....
(20)

where

: . K
M =1+ p2e*h— 2pez'5( COS2p+ EsinZd;) . (22

This is the lowest possible additional noise for heterodyne
schemes with just one pair of sidebands. The noise spectral
density can have different shapes as a function of the homo-
dyne angle[7,8]. At different signal sideband frequencies,
the optimal homodyne anglg,, that gives the lowest homo-
dyne noise can be different. In homodyne detection, since
both quadratures of the carrier are generally not available,
only a single frequency-independent quadrature can be
measured. By contrast, in heterodyne detection schemes
(except for the balanced casall quadratures are available

C11=Cp=(1+p?)

C0S2p+ g sin2¢) —2p Cc0S2B,
(23

Co=— 72(sin2¢+ K sirf¢),

Cp=72(sSin2¢p— K cog ), (24)

for simultaneous measurement, and the final heterodyne
noise at each frequency will be the minimum of all quadra-

tures.

IIl. NOISE SPECTRAL DENSITY AND THE EFFECT
OF THE ADDITIONAL NOISE

D;=—(1+pe®P)sing,

D,=—(—1+pe?#)cosp. (25)
The quantitieskC, B, p, ¢, 7 and hgg are defined in the
same way as in Ref§8—10. We denote byh({})) the gravi-
tational strain and give a summary of the main quantities in

In this section, we write down the noise spectral densityTables I and Il. We assume that the fie&d® incident on the

for both conventional and RSE interferometers when the rinused input of the antisymmetric port are in the vacuum
modulation-demodulation scheme described in Sec. |l iState for all frequencies. Moreover, the additional heterodyne

used.

A. Total noise spectral density

noise fieldsb®o=2¢m in Eq. (13) must also be in vacuum

states, since they are far away from the carrier frequency and
are not affected by the ponderomotive squeezing effects of
the interferometer. We assume that the higher-order terms of

The input-output relation for RSE interferometers, includ-the modulation are not resonant in the interferometer, which

ing optomechanical effects, was derived in R¢&9] [see
Egs.(2.20—(2.24) and (2.26) of Ref.[9]]. The output fields
in the frequency band ofag— A, wy+ A) are (in the con-
ventions used in this paper

is the case in general. Even if the higher-order sidebands are
at resonance, we do not expect any ponderomotive squeezing
since the frequency is too high for the test-mass displace-
ment to respond to an external force. Using Ed<)—(17)
and(21), we obtain the total heterodyne noise spectral den-
sity in h, as a sum of the corresponding homodyne noise

“4Unless the output signal is filtered through the kilometer-scale(first term) and the additional heterodyne noisecond term

optical filters proposed by Kimblet al. [7].

[see Eqgs(10), (11) for the definitions ofD, and {(]:
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TABLE Il. Quantities derived from those listed in Table I.

Symbol Quantity Expression
. . Tc
y Half bandwidth of arm cavity T
B Phase gained by resonant field in arm cavity arédan)
hsaL Free-mass standard quantum limit 1\ /ﬂ
mQ?2L2
Characteristic input power for conventional mL2y
I'soL interferometer to reach the standard quantum limit
(SQL) at Q=1 4o
4
K Coupling constant for radiation-pressure effects M
Q202+ %)
hoL
he CO) — ; 2 i 2
Q)= C41 8infy+Cyq cO +(Cyy singy+C,, CO
Sq t(d’D ) 2K 7_2 |D1 Siﬂgo‘f‘Dz COiO|2 [( 11 gO 21 S§o) ( 12 50 22 Sgo) ]
h3 1 D.|?+|D_|?
N B L LR WA 8
2K 72 |D; sinfy+ D, cogy|? | |D.e "o+ D _e' %o
|
We note that the optimal heterodyne noise spectral density &heme is obtained by setting_=—-D*, with ¢p=
a given GW signal sideband frequency is the minimum of />, arep . which is the optimal demodulation phase for
those obtained by varying (and thus{y). all frequencie§see Eq(20)]. Evaluating Eq(26) in the case
$»=0,7=1, we get
B. Conventional interferometers
2
For the power-recycled Fabry-Perot Michelson optical Shhetconv: hsqL IC2+1+E (27)
configuration, the so-called conventional interferometer, the 2K 2)

GW signal appears only in the secofwit phasg quadrature.
Furthermore, barring imperfections, the transmission of thavhere the last term inside the parentheses is the additional

Schnupp sidebands is balanced. In our notation such heterodyne noise, which is equal to 1/2 the shot noise in a

N — heterodynelt
AN — — homodyne [

™ — SQL
10 \

ANEY - — heterodyne unoptimized
N — heterodyne optimized
N~ --+- FD homodyne

— SQL

I 1T 17T
o e

IT

L

10

T
-

1Y
i/

1 \ﬁ.,/ i

S, @y, ()
[S, (@A), ()
{C

013505 1 2 510 015505
Qly

1 2 5 10
Qly

FIG. 3. In the left panel we show the square root of noise spectral density, in utitg,dfy), for a conventional interferometer with
lo=IsqL, using balanced heterodyne detectisnlid curve and the homodynédashed curvescheme, plotted as functions 9f y. The

second quadrature is measured. In the right panel we plot the noise spectral density of the same interferometer, using unbalanced heterodyne

detection, with homodyne angle chosen at the optimal value for the homodyne @3e; { oyt non( €2) (dashed ling and at the re-optimized
value for the heterodyne cag&())={qne(€2) (solid curve, respectively. The optimal heterodyne noise spectral demgityout the
additional noisds also shown(dotted curvg which agrees with the result for frequency-independent homodyne detEg}idrihe SQL line
is shown in both panels as gray straight lines.
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FIG. 4. A detuned RSE interferometef £ 0.033,p=0.9, ¢=m/2—0.47,m=30 kg, | ,=15q) using balanced heterodyne detection. In
the left panel we plot the square root of total heterodyne noise spectral density in tidafitstdotted curyeand secondlong dashed curye
quadratures, compared with the homodyne diested curve and solid curve, respectiyelJhe SQL line is also shown as a gray straight
line. In the right panel we show the ratio of the square roots of the heterodyne and the homodyne noise spectral densities, {datiefirst
curve and secondsolid curve quadratures.

homodyne readout schentgecond terry originally derived  tion angle in the(frequency dependenthomodyne case
in Ref. [15]. In the left panel of Fig. 3, we plot the noise [7,23], {opthoni=arctarkC, one has

curves of a conventional interferometer with=15q,, using
homodyne and balanced heterodyne detection, respectively,
with the second quadrature measured. This is exactly the
result in Ref.[14]. More sophisticated modulation schemes
that can further lower or eliminate the additional heterodynevhich cannot reach the SQL. Re-optimizing the detection
noisein this quadraturehave been investigated by Schnupp angle, we obtair o= arctanC/2). This gives

[13], Niebauer et al[14], and Meers and Straifi5].

If, on the contrary, the rf sidebands at the antisymmetric
port are not balanced, one can measure arbitrary quadratures
by adjusting the demodulation phasee Sec. Il ). As pro-
posed by Watchanin, Matsko and Zubo\28], and further ~ Which only touches, but never beats, the SQL. In the right
investigated by Kimble, Levin, Matsko, Thorne and Watcha-panel of Fig. 3, we plot the noise curve of a conventional
nin (KLMTV ) [7], measuring different quadratures at differ- interferometer withl ;=1Igq., the heterodyne noise spectral
ent GW signal sideband frequencies can allow conventionalensity usingZqhom [given by Eq.(29)], and the optimal
interferometers to beat the standard quantum I[i sig-  heterodyne noise spectral dengigyven by Eq.(30)]. As can
nificantly, thus converting them into QND interferometers.be further verified, having two sidebands with unequal am-
Somiya[17] proposed that, by using a frequency-dependenp|itude can allow the interferometer to beat the SQL, but
demodulation phase, a KLMTV-type, frequency-dependenenly by very moderate amounts, and in limited frequency
optimization is achievable in a totally unbalanced modula-bands.
tion scheme. However, the effect of the additional hetero- We might still expect to use more sophisticated
dyne noise was not explicitly taken into account and wemodulation-demodulation schemes to lower the additional
show in this section that the additional heterodyne noiséieterodyne noise while retaining the possibility of variable-
plays an important role as soon as one approaches the SQauadrature optimization. However, as we shall see in Sec. |V,
So much so, that for totally unbalanced heterodyne detectiorsuch an effort will be significantly limited by the Heisenberg
the SQL cannot be beaten, and for intermediate levels ofincertainty principle.
imbalance the SQL is beaten by very modest amounts.

For simplicity, we first consider a totally unbalanced
modulation schemdwhich was the case investigated by

2
hsoL

Sh=1 (K?+2)=12h3q, (29

héQL
het —
[She Con\ﬂopt_ 2KC

2

- +2 (30

2
= hSQ,_,

C. Signal-recycled interferometers

Somiya[17]), in which onlyD . (or only D_) is non-zero.
From Eq.(26), fixing 7=1, p=0 and¢=0, we have

2
hSQL

In this section, we give some examples of noise curves of
detuned RSE interferometers with a heterodyne readout
scheme, and compare them to the homodyne cases.

In the balanced scheme the additional heterodyne noise is
the lowest, but only one quadrature can be measured. For

Sﬂet conv_ (/C— tar]é«o)2+ 1+

(28)  this case we show the effect of the additional heterodyne
noise on the sensitivity curves in Fig. 4. In the left panel, we
plot the noise curves for a detuned RSE interferometer with
where the last term inside the parentheses is the additional=0.033,p=0.9, ¢=m/2—0.47,l3=Igq. and m=30 kg

noise due to heterodyne detection. Using the optimal detecthe configuration considered in Ref8—~10]) when the first

2K coss,|’
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FIG. 5. A detuned RSE interferometef£0.033,p=0.9, ¢=7/2—0.47,m=30 kg, | =15q., the same as Fig.)4ising totally unbal-
anced heterodyne detection. In the left panel we show the noise curves for quadratuies Ovigolid curve, /4 (long dashed curyew/2
(short dashed curyand 37/4 (dash-dotted curyetogether with the final heterodyne noise optimized at all sideband frequétig@ssolid
curve. In the right panel, the final heterodyne noigleick solid curve is shown along with the homodyne noise in the figdshed curve
and seconddash-dotted curyequadratures. The optimal heterodyne noise without the additional noise is also hattad curve for
comparison. The SQL is plotted in both panels as gray straight lines.

(¢{==/2) and second quadrature§=0) are measured, by dyne readout schemes which include those effects is cur-
homodyne and balanced heterodyne read out schemes. In thently underway, and will be reported elsewhgté].

right panel, we plot the ratio of the heterodyne noise to the As shown in Ref[10], detuned RSE interferometers have
corresponding homodyne ones. The additional heterodyngn unstable optomechanical resonance. In the parameter re-
noise has more features around the two valleys of the noisgime emphasized in Refég8—11], the unstable resonance lies
curves, where the optomechanical dynanttte RSE trans-  within the observation band — which gives a dip in the noise
fer function determines the shape of the curves. Abovespectrum. Consequently, the control scheme must sense and
~200 Hz, the ratio between the square roots of the hetero;ct on the motion of the system within the observation band.
dyne and the homodyne noise spectral densities assumes fifref.[10], an idealized control scheme is conceived for the
constant valuey3/2~1.22, which is due to the additional homodyne readout, which suppresses the instability and

heterodyne noise when the shot noise domingte® EQ. |eayes the noise spectral density unchanged. The same con-

(272)]' ical impl . f the rf sidebands in the i trol issue will need to be addressed with the heterodyne read-
ractical implementation of the rf sidebands in the inter-J + <-heme as well.

ferometer has shown that detuned RSE configurations are

likely to be very unbalancedl6,22. In the left panel of Fig.

5, we plot the unbalanced heterodyne noise spectral densities'- MORE GENERAL DISCUSSION OF HETERODYNE
for the same interferometer parameters used in Fig. 4, with SCHEMES: MINIMAL ADDITIONAL NOISE
{o=0, 7/4, /2 and 3r/4, and the optimal heterodyne noise AND QUANTUM LIMIT

obtained_by maximizing ovef, at each sideband frequency. In Sec. Il we discussed the sinusoidal modulation-
Indeed, in the heterodyne readout scheme we have the agamqqylation scheme, which is the easiest to implement.

vantage of optimizing the detection angle at different 1Ere'There exist more sophisticated schemes, such as those pro-

guencies. At each particular signal sideband frequency, th : ; ;
optimal heterodyne noise spectral density is just the mini—ﬁos‘ad by Schnupp and investigated by Niebauer ¢

mum of all quadratures. In the right panel of Fig. 5, Weand Meers and Straifil5], that can further optimize the in-

compare the optimal heterodyne noise with the homodynéen‘erometer performan_ces. These authors restricted their
noise at?=0 and7= /2. As we see from this example, for analys_es to low-power interferometers and foc_used on the
the same interferometer configuration, neither the homodyng(atectlon of th? sgcor((d:r_ phasgquadrature. In this section,
nor the heterodyne readout can provide a noise spectral def€ €xtend their discussions to the more general case where
sity that is the lowest for all GW signal sideband frequencies@!l quadratures can be measured. As we shall see, although
To make a more rigorous comparison between these t\NBwodulatlon/demodulatlon readc'Jut' schemes offer t_he advan-
schemes a more critical study is required that takes into cor}@9€ of variable-quadrature optimization, they are in general
sideration specific astrophysical GW sources, the experimerimited in converting non-QND interferometers tbroad-

tal feasibility and the other sources of noise, as w@ls an ~ Pand QND interferometers.

example, the current Advanced LIGO design estimates the
dominant, thermoelastic component at about the $23l.

To lower the thermoelastic contribution below the SQL an
interesting and challenging proposal has been analyzed re- The field coming out from the dark port can be written, in
cently [26].) The optimization of homodyne versus hetero-the time domain, as

A. Quantum limit for the additional heterodyne noise

122005-9



BUONANNO, CHEN, AND MAVALVALA PHYSICAL REVIEW D 67, 122005 (2003

E(t) =[A(t)coswgt + P(t)Sinwgt] B(Q)= 2 D’Q[Akb‘l"o(ﬂ) n Pkbgo(Q)]
K

-I—[El(t)COSth-I- Ez(t)sinwot], (31)
where the first term is the transmitted Schnupp sideband + 2 2 DF[As pbi2(Q—pawp)
fields in the form of a combination of amplitude modulation p#0 k

[A(t)] and phase modulatiopP(t)] to the carrier. In Eq.
(31) we denoted byE,(t) and E,(t) the quadrature fields
containing GW signal and quantum fluctuations. The outpu
from the photodetector is then

+ Py pbgo(ﬂ_pwm)]- (39

Let us suppose that the low-frequency componer®(f)
is filtered out; then the first term in EQ38) gives a
i(1)xA(t)E4(t)+ P(t)E(t). (32 frequency-independent quadrature field negr while the
second term gives the additional heterodyne noise that arises
The amplitude and phase modulation are in general perioditom quantum fluctuations neavy* pw,, with p==*1,
functions, with the same angular frequeney, [wo>w,, *2,*3,... . Sincew,>Qgy, these fields are not af-
>Qowl: fected by ponderomotive squeezing effects in the interferom-
eter arm cavities and will be in the vacuum state. As a con-
ket . sequence, the additional heterodyne noise will also be
A(t)ZEK A mem, A=A, (33 frequency independent (unless frequency-dependent
squeezed states are injected into the dark port of the interfer-
ometej. In this way, for any particular quadratufe there is
p(t)ZE Pekemt P=P*,. (34) a uniform minimum of the additional heterodyne noise at all
k frequencies.

Let us now construct for an arbitrary quadratuiehe
optimal demodulation functio®(t) and evaluate the mini-
mal additional noise. If we want to meaSLb§°, Eqg. (38
i(Q)oc; [ADbT(Q— ko) +Peby(Q—kom)]. says that we have to impose

(35

In the frequency domain Eq32) reads

(Z Df A, 2 D} Pk) (sinZ,cos), (39)
Denoting the demodulation function with(t), the demodu-

lated output is or in the time domain

O(t)=D(1)i(t)«xD(t)A(t)E1(t) +D(t)P(t)Ex(t). , 1(T 1T
(36) (S|n§,cos§)=(?Jo D(t)A(t)dt, ?JO D(t)P(t)dt),

The demodulation functio® (t) should have the same fre- (40
guency as the modulation functions, therefore,

whereT=2m/w., is the common period of the modulation
D(t):E D, e ket D, =D*,. (37) and demodulation functions. Note that, in order for the
K quadrature’ to be measured, Eq&9) and(40) need only be
true up to a constant factor. Having written them in the cur-
Note that Eq(36) is a generalization of Eq4) of Ref.[15]. rent way, we have in fact chosen a specific normalization for
Using the above equations, the Fourier transform of the deD(t). Using the Parseval theorem and E4Q), we derive
modulated outpu36) can be written as for the spectral density of the additional heterodyne noise

+2 ‘2 D} Pysp

2

Sadd_ E

p#0

EDAk+p

:% ‘; DEAk+p

2 2
+% ’Ek D Prsp| —

2
‘% DiA —

2
‘2 D} Py

1(T 1(T 2 (1T 2
:Tfo D2(t)[A%(t) + P2(t)]dt—(?fo D(t)A(t)dt) —(?fo D(t)P(t)dt)

=EJTDZ(t)[AZ(tH—Pz(t)]dt—l (42)
TJo '
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[Note that Eq(41), which corresponds directly to E(L2) of
Ref.[15], is also consistent with Eq18) of Ref.[15], since

Eqgs.(39) and(40) have already imposed a normalization for

D(t).] In order to find theD(t) that satisfies Eq(40) and
minimize $*% we introduce two Lagrange multipliers,and
u, and impose

5f dt{[(A%(t)+ P2(t)]D?(t)— 2\ A(t)D(t)

—2uP(t)D(1)}=0, (42)
which yields
_MA(D)+uP(1)
PO Em P “

[In Eq. (42), the factors of 2 in front ol and u are added
for simplicity.] Inserting Eq.(43) back into Eq.(40) gives

(A)_(sin§)
ML= cog ) (44)
where
1 (7T A%b) 1 (T A(t)P(t)
. ?fo Az(t)+P2(t)dt Tfo AZ(t)+ P2(t)
|1 AmP® 10T PY1)
?fo Az(t)+P2(t)dt ffo A2(t) + P2(t)
(45)

The optimal demodulation function for the quadrature is
then given by inverting Eq44) and inserting the resulting

and . into Eq. (43). The minimal additional noise can then

PHYSICAL REVIEW D 67, 122005 (2003

i cosp sin¢)(eR )
S = (st cog) —sing cosp e R
(co&ﬁ —sinqﬁ) ( sing
% sing  cosp/\co¥ )’ (50

with ¢ andR frequency independent, and determined by the
eigenvectors and eigenvalues of the mawix *—1, which
are determined ultimately by the amplitude and phase modu-
lations. It is interesting to note that this minimal noise spec-
trum is of exactly the same form as that of a squeezed state.
This phenomenon could in fact be anticipated from quan-
tum mechanics. For the same sideband frequefgythe
different quadratures do not commute with each other, and
have the following commutation relations:

[b7°(€2),b? (Q")]=2mising—¢)8Q-0"). (51)

As a consequence, quantum fluctuations in the various
quadratures are constrained by the Heisenberg uncertainty
principle. As is well known, the squeezed states have the
minimum noise spectrum allowed by the uncertainty prin-
ciple. In modulation/demodulation schemes, all quadratures
can be read out, with additional noise:
b"{(£,0)=by°(Q)+n(£,Q). (52)

So all output observables should commute with each other,
and as a consequence

[b"(£,Q),p"7(¢",Q")]=0. (53

be obtained by inserting the optimal demodulation functionSince b;"o(Q) and n(¢£,Q)) come from different frequency

into Eq. (41):

SUMH=(N wM

.
-1
o
e l(sing)
=(sin{ cog)M cost -1

) sing
=(sin{ cosg)(Ml—I)(Cosg>. (46)

Moreover, we note an interesting property\f

| —M=(deM)M L. (47)
As a consequence,
M~ t—1=M"Y(1—M)=(deM)(M 1), (48)
SO
defM 1—I1]=1. (49)

bands of the output field, they must commute with each
other, so we must have that the mutual commutators of

n(¢£,Q) cancel those 0b;°(Q2):

[n(£,Q),n"(¢",Q")]=—2misin(¢{—¢)6(Q- Q).
(54

Since they do not commute with each other, the additional
noisen(¢,()) is also subject to the constraint of the Heisen-
berg uncertainty principle—in the same way Ia?"(ﬂ),
since the commutators only differ by a siggee Eqs(51)
and(54)]. This explains why the minimum additional hetero-
dyne noise has a spectral density of the same form as the
squeezed states. The minimum noise spect(b@ can be
regarded as auantum limitfor modulation/demodulation
schemes.

B. Impact of the quantum limit on conventional interferometers

As discussed in Ref$7,23], using an appropriate readout
scheme, conventional interferometers can achieve QND per-

This implies that the minimal additional noise can be writtenformance through a cancellation between shot and radiation-

in the form

pressure noises. If the quadratyrés measured, we have
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[Sh(Q)op= VU™ {50 Q2)] h3g, (57)

bheteony £, Q) = cog| e?A(tan; — K)a; 0+ e? Pay°

where {,,((2) is the optimal detection quadrature at fre-
quency ), which depends also on the shape $f{¢).
Equation (57) says that, in order to beat the SQL signifi-
and if we choose to measure the quadrature with.  cantly, the additional heterodyne noise at the optimal quadra-
=arctark the part of the shot noig¢he term proportional to  ture has to be much smaller than unity. However, since the
a‘l"otang inside the bracket of Ed55)] cancels the radiation- add_itional heterodyne no_isg is frequency_independent, and
pressure noisdthe term proportional tdCa‘fo inside the Subject to the_ quantum I|m|(t50), this requirement cannot
bracket of Eq.(55)].°> The remaining shot noispobtained glwa_ys .b.e Sat'Sf'e.d if the opt|m.al homodyne quadrature var-
from the term proportional t@“® inside the bracket of Eq. ies significantly with frequency in the ob§ervat|on band..As a
: oo T2 o consequence, heterodyne schemes will have very limited
oo e o e vty oy e camering conventonal nerirometers o
the SQL noisgby taking largerkC. However, for larger val- Due to the simplicity of the input-output relations of con-
ues of £, tan/c grows and the corresponding ¢psde-  yentional interferometers, we can go a step further and obtain
creases. As can be seen from E5p), this implies an even 5 cleaner result in this case. Let us suppose that the addi-
smaller signal strength in the detected quadrature, whiclgng] heterodyne noise has exactly the form of Esp),
makes the additional noise({;,{), more and more impor-  yith generic values ofy ande®, i.e. it is quantum limited

tant. In fact, more generally the additional noise limits thejhserting Eq.(50) into Eq. (56), we find the frequency-
extent to which the interferometer can beat the SQL. Writinggependent optimal detection phase,

the total heterodyne noise spectral dengitiywhich Eq.(28)
is a special cageas

. h
+e'P\2K —
hsaL

+n(Z,Q), (55

[1—tani?(R/2)] K(Q)+ 2tani R/2)sin2¢

hiaL s tan opl ) = ,
=29 e tand)2+ 1+ , 56 2+ 2tani{R/2)cos2p
Si=p | (K—tary) ey (56) -
and following the argument that led us to E80), we obtain
the following lower limit for the heterodyne noise: and obtain

[1+2cog2¢)tan R/2) + tantf(R/2)] K 2(Q) — 4sin2¢)taniR/2) K(Q)+4

uant li _
S (O 4K(Q)[1+cog2¢)tani(R/2)]

hq(Q). (59

Moreover, the quantum-limited heterodyne noise spectraNote that in the definition oK. the quantity multiplying/C
density(59) can be recast into exactly the same form as thafwhich is less than 1, since 1<tanh@®/2)<+1] can be

of frequency-independent homodyne detection: absorbed into the input powdsee the definition ofC in
5 Table Il). Equations(60) and(61) therefore relate a conven-
Sﬁuantlim(Q): hsqu(©) [(Kar( Q) —tanteg)?+ 1] tional interferometer with a quantum limited heterodyne
2KCei(2) eff eff readout scheme to an identical conventional interferometer,

(60) but with lower input power and a frequency-independent ho-
modyne readout scheme. As discussed by KLMTYV, the latter

with does not exhibit broadband QND behavi@though fine-
tanH(R/2)sin(2) tunir!gs of parameters can s_om_etimes give a modera_lte SQL-
tan’ o= 1Tt R >3 beating noise spe(_:tra_l denétty'_hls means that the variable-
anh(R/2)cod2¢) quadrature optimization provided by heterodyne readout
schemes does not enhance the QND performance of conven-
K )= 1— 1-tantf(R/2) Q). (61) tional interferometers at all.
eff 2+ 2taniR/2)coq2¢) ' Nevertheless, as the equivalence also suggests, quantum-
limited heterodyne detection does not deteriorate the sensi-
tivity with respect to frequency-independent homodyne de-
Note that{= ¢, is not the optimal quadrature. tection, except for the lower effective optical power, which
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can in principle be made as close as possible to the truelusion on which readout scheme is preferable, the compari-
optical power, aeR— +%. For certain specially designed son between them must take into account the other sources
interferometers, such as the speed-meter interferon&éfs of noise present in Advanced LIGO and should be addressed
with Michelson[28] or Sagnad 29,30 topologies, the opti- with reference to specific astrophysical GW sources, such as
mal homodyne angle is largely constant over a broad freneutron-star and/ofstellar masp black-hole binaries, for
qguency band. These interferometers already exhibit broadwvhich the GW spectrum is a power law with an upper cutoff
band QND behavior with frequency-independent homodyneanging from~200 Hz to several kHz, and also low-mass
detection. In this situation, a heterodyne detection scheme-ray binaries which require narrowband configurati¢ae-
(e.g., the Schnupp square-wave demodulation schesp&-  tuned RSE around 500—700 Hz. In this paper we have pro-
mized for that particular quadrature, can be employed, e.gvided a framework in which these optimizations can be car-
for technical reasons, without compromising the sensitivity. ried out. We shall report on the results of the optimization
elsewherd 16].
V. CONCLUSIONS From a more theoretical point of view, we worked out a
) ] ) ) frequency-independent quantum limit for the additional het-
In this paper, we applied a quantum optical formalism to 8gogyne noisgsee Eq.(50)], which made more explicit the
heterodyne readout scheme for advanced GW interferomyyiowing fact: lowering the additional heterodyne noise
eters such as Advanced LIGO. Our results provide a foundggyile simultaneously retaining the ability to measure more
tion for the astrophysical optimization of Advanced LIGO than one quadrature is incompatible in heterodyne detection,
interferometers and should be used to dec_|de whether a hgynich is inherently frequency independent unless frequency-
modyne or heterodyne readout scheme is more advantgependent squeezing techniques are implemented. In particu-
geous. lar, this incompatibility seriously limits the extent to which
One of the advantages of the heterodyne readout schem@nyentional interferometers can beat the SQL using a het-
(with the exception of balanced heterodynjimgthat all out-  erogyne readout scheme. Indeed, we show in Sec. IV B that
put quadratures are available for measurement, providing @nventional interferometers with quantum limited hetero-
way of optimizing the sensitivity at each frequency. This yyne detection are equivalent to conventional interferometers
result cannot be easily achieved in homodyne detectionyith frequency-independent homodyne detection and lower
However, as originally discovered by Gea-Banacloche an@ptical power. However, for third-generation GW interferom-
Leuchs[12] and by Schnuppl3] and analyzed by Niebauer gters with speedmeter-type configuratidig¥—30, which
et al.[14] and Meers and Straifi5] in the low-power limit, 4.0 already QND interferometers under an appropriate
heterodyne detection leads to an additional noise term Whicﬂequency-independent homodyne detection, heterodyne
is a direct and necessary consequence of the Heisenberg Yaadout schemes can in principle be employed without com-

certainty principle. _ promising their sensitivity.
In the specific case of detuned RSE interferometers

planned for Advanced LIGO, we derived the expressions for
the total heterodyne noise spectral dengiige Eqs(22)—
(26), (11)], assuming a pair of Schnupp sidebands with arbi-
trary amplitude ratios. In the balanced case the effect of the We thank Peter Fritschel, James Mason and Ken Strain
additional heterodyne noise is shown in Fig. 4. In the mordor stimulating discussions, and Kip Thorne for his continu-
practical very unbalancefl6] configuration, we compared ous encouragement and for very useful interactions. We also
the noise curve in the optimal heterodyne case, obtained bjhank Peter Fritschel and Ken Strain for drawing our atten-
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