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This is a supplementary material for the paper: “Proposal for Gravitational-Wave Detection
Beyond the Standard Quantum Limit using EPR Entanglement”. The purpose of this material is
to present the details about (1) the derivation of the sensitivity formula; (2) the choice of system
parameters; (3) the effect of loss;

I. DERIVATION OF THE SENSITIVITY FORMULA

First, for each audio-sideband frequency €2, the field input-output relations of the squeezer (the pumped OPA) can
be written as:

a(wo + Q) = péin(wo + Q) + bl (wo+ A —Q),  blwo + A + Q) = pbin(wo + A + Q) + val (wo — Q);

1
af (wo — Q) = pral (wo — Q) + v bin(wo + A +Q), b (wo+ A — Q) = b (wo + A — Q) + v* i (wo + Q), o
where @ and b describe the generated signal and idler fields near wy and wg + A, respectively. The fields @i, bin
represent the vacuum fields entering into the squeezer. The phenomenological coefficient p and v are determined by
the x(® —nonlinearity coefficient of the crystal and the pumping field strength [1]. Field commutation relation requires
them to satisfy the relation |u|? — |v|? = 1. Since the phase of  and v can be absorbed into the definition of creation
and annihilation operators, we can parametrise them as g = coshr and v = sinhr, where r is usually denoted to be
the squeezing degree of the OPA. In the so-called two-photon formalism where we define:

. 7&(wo+Q)+dT(UJ0—Q) - 78(UJ0+A+Q)+BT(OJ0+A—Q)’
@ Q) = , bi1(Q) = NG ;

V2
a(wo + Q) — al(wy — Q) blwo + A+ Q) — b (wo + A — Q)
V2i ’

a2() = . ba() =
the relations in Eq. (1) then can be represented in another form (in the following, d; 2(£2) and 51,2(9) will be simply

(2)

V2i

written as a1,2 and by 9):

a1+ by = e (Gin1 + I;inl)7 a1 — by = e "(Gin1 — Binl)% (3)

as + 1;2 = e "(Gin2 + I;in2); o — 52 = e (Gin2 — Bin2)> (4)

(the @in1,2, Einl’g are defined in the same way as Eq. (2)). EPR-type commutation relation [a; — by, g + 132] = 0 allows
the existence of the state in which the fluctuations of quadrature combinations (a; — b1)/v/2 and (ag + by)/v/2 are
much below the vacuum level. Therefore 51 is correlated with a; while 32 is correlated with —as, and further more
G_p = ay cos O — as sin ) correlates with by = by cos 6 + by sin 6. Using homodyne detection scheme, a_g and by can be
measured. When we do conditioning by processing these measurement results, we assume the measurement result of
the idler field quadrature by is filtered with a filtering gain factor g and then combined with the signal field quadrature
a_g, leads to:

al g =a_g— gbg = (a1 — gby) cos 0 — (iiy + gbo) sin 6. (5)
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It is easy to show that the spectrum of a? , is:

Sas a0, = (1 —gv)° + (v — gu)*. (6)

For realising an optimal filtering (which is the so-called “Wiener filtering") so that S ,a?, takes its minimum value,

we can solve 65,9 087, /6g = 0, which leads to the Wiener filter gain factor gop; and conditional squeezing spectrum:

2uv d 1 1
opt = —5——= = tanh2r, S°"C = = . 7
Jopt u? 4 v? antar 4-09-0 42412 cosh2r ™)

In laser interferometer gravitational wave detectors, we have the input-output relation for quantum noise field in
the signal channel as [2]:

Ay = €*P(ay — Kay) = €*P(V/1 4 K2)(41 cos€ — agsin€), (8)
where A, is the phase quadrature of the signal fields propagate out of the interferometer and ¢ = — arctan 1 JK. If we

want the phase quadrature of the idler fields out of the interferometer B to maximally correlate with Ay in Eq. (8),

then By = i)arcmnl /k (besides an unimportant phase factor o accumulated by sidebands of the idler field during its
circulation in the interferometer). Therefore, the rotation angle of the idler field @, by the interferometer defined in

BQ = eia(*i)l sin (I)rot + 82 COS (Prot); (9)

is given as P, = arctan K.
Similarly, when combining the measurement results of signal and idler channel, we have:

A A ® 2 *
Ag:AgngQ and SAgAg:SA2A2+|9| SBngig SAZBgigSBzflz' (10)

Variation with respect to filter gain factor g leads to the Wiener filter and a minimum variance given as:

Sia
gopt = 75‘4232 = 61(2[3—0)\/ 1 —+ ,C2 tanh 27‘, (11)
B2Bs
SCPH(} =S. . — SBzAZSAZBQ — 1+ ,C2 (12)
Azdy T A2Az Sp,5, cosh 2r’

Considering the signal field as: AGW = v/2Ke"h/hgqr, [2], we can recover the Eq. (7) of the main text:
hiqu 1
Sih = 52 (K4 . 13
"t 9 cosh2r < +IC) (13)
II. PARAMETER SETTING

A. Requirements

Our conditional squeezing scheme is based on the combination of the results from signal beam detection and idler
beam detection. If the squeezer’s squeezing level is high, the parameter error will have a significant effect on the final
squeezing level. For example, the effect of variation of the idler rotation angle to the sensitivity is roughly given by:

h2 h3qy, (sinh 2r)?
Sin _SQL (IC + l) 4 SaL M (IC + l) 52 (14)

- 2 cosh 2r K 2 cosh 2r K

For a 15dB squeezer as shown in the main text, the ratio between the correction term and the exact value is roughly
~ 2495®2. Therefore even a 10% relative correction to the noise spectrum requires the error of the rotation angle to
be as small as 0.02rad. This simple estimation tells us that it is of great importance to search the suitable parameters
for our proposed scheme.

In our design, the signal field sees an interferometer working in the resonant sideband extraction mode while the
idler field sees the interferometer as a filter cavity. This filter cavity should rotate the idler field in its phase space
by an angle @, = arctan K. Generally, for realising such a rotation angle, two filter cavities are required [2] (for a
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more general discussion, see [3]). However, when the signal field works in the resonant sideband extraction mode, the
interferometer has a relatively large bandwidth so that K can be approximated around the transition frequency as:
K ~ 203 /(92v). In this case, only one filter cavity is necessary to achieve the required rotation of the idler field, and
we use the signal recycling interferometer itself as the filter. The required bandwidth v¢ and detuning d; of the signal
recycling interferometer with respect to the idler field is given by [3, 4]:

v =VO3/y,  0p = ;. (15)

B. Parameter setting conditions

The dependence of detuning §; and bandwidth «; on the interferometer parameters can be seen in the interferometer
reflectivity, which is given by (in the sideband picture) [5]:

_p+ (77 — pp)exp[2i(A + Q) Larm/c]
N 1 — pexp[2i(A + Q) Lam/c] "’

i (@)

1o

(16)

where p, p, 7, and 7 describe the reflectivity and transmissivity of the signal recycling cavity. They are given by [5]:

VIitm — v Rsrmexp[2idsrc] _ _ VRsrm — vV Rirmexp(2igsrc]

P=- VRirmRsruvexp[2igsre] | P 1 — VRirmRsrvexp(2igsre]

iV TsemvTiTmexpligsrc]
1 — VRsrmRrrmexp[2idsrc]

Here, Ry and Rggry are the power reflectivity of the input test mass mirrors and the signal recycling mirror,
respectively. The ¢src is the single trip phase of the idler field in the signal recycling cavity given as:

¢src = ALgrc/c. (18)

(17)

r=F=

From Eq.(16), the resonance condition can be derived as:

Moda, {2(@ +A) (LT“’) + Arg[ﬁ]] o, (19)

which determines the detuning d¢. The bandwidth v is given by:

N Tsrm
1+ RsrMm + 2v/ Rsru €os 2¢sre

vr YITM,

where yirm = ¢Tirm/ (4 Larm)-

From Eq.(19) and (20), when the reflectivity of the signal recycling mirror and the input test mass mirror is given,
we have the following tunable parameters: (1) detuning of the idler beam with respect to the signal beam A, (2) arm
cavity length Larm, (3) the phase ¢src. These parameters must be tuned in such a way so that arm cavity and signal
recycling cavity must each be resonant with the signal carrier frequency wy for keeping the signal channel unaffected.
This means that the length tuning of the signal recycling cavity and the arm cavities (denoted by dLam and dLsrc,

respectively) , starting from their initial lengths (denoted by Lé??n and L(S(QC, respectively) should be integer numbers
of half wavelength of the main carrier field, that is

6Lsrc =PA/2, O6Lam =q\/2, (p,q €Z). (21)

Also note that Eq.(15) tells us that v and 0y depends on 0Laym while not on dLggrc. Since L;(L?zn is typically of
kilometer scale, thereby 0L, as a small length tuning has negligible effect on the value of required ;s and ;.
To obtain the required bandwidth 7y, we can tune the ¢src by tuning A and Lgrc in Eq.(18) to satisfy:

me Tsru — (1 + Rert) | + no, (22)

1
¢src = ALgpc/c = 5 arccos
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or in another form:

IT™ nwe
M et — (1+ Rsrm) | + T
f SRC

arccos (23)

~ 2Lsgre

which tells us that n, as a tunable degree of freedom, represents how many free-spectral range of signal recycling cavity
contained by the idler detuning A. In summary, we have three tunable integers: m,n and p. For a fixed value of n,

the phase ¢src only depends on the Lggrc = L(s(gc + pA/2, thus the rough range of p can be determined. To obtain
the required detuning d¢, we need to further do fine tuning of p and then do a corresponding tuning of ¢ to match the
resonance condition Eq.(19). A sample parameter set is given in Tab.I. We also need to emphasise that the practical
parameters setting should be decided considering concrete experimental requirements, and a feedback control system
for length tuning needs to be carefully designed, what we have here is merely an example demonstrating that these
parameters can in principle be found.

C. Phase compensation

Note that since the detuned b— field will pick up a phase when it is reflected by the signal recycling cavity, which
will contribute an additional rotation angle, we need to compensate this phase by properly choosing the homodyne
angle. This fact can be seen by manipulating(16), given as follows.

From Eq. (17), we can derive the following relation:

- 1
p T2—pp
Substituting this relation into Eq.(16) leads to:

—5" (72 = pp) + (7* — pp)exp[2i(A + Q) Larm /]

idler —
r (Q) = 1— ﬁcxp[?i(A + Q)Larm/c]

ifo

25
[ =p* + exp[2i(A + Q) Loy /c] (% = pf) (25)
11— pexp[2i(A + Q) Lo /d] i
Note that p = |p|e’A™lrl and |72 — pj| = 1, therefore the above rifl*" can be written as:
idler —|pl + exp[2i(A + Q) Larm /¢ + iArg[p]] | 4
Tifo = ~ . . ~ ers (26)
1 — |plexp[2i(A + Q) Loy /¢ + iArgp]]
where
¢ = Arg [7° — pp] — Arg[p)]. (27)

Since QLgrc/c < 1, the ¢. dependence on 2 is very weak. Therefore this additional phase can be treated as almost a
D-C phase. In our sample example, for compensating this additional phase angle, the phase of the homodyne detector
of idler channel must be tuned by ¢. = 0.32 rads.

D. A sample rotation angle

Using the parameters given in Tab. I, we are able to produce the frequency dependent rotation angle for the b—fields
measured by the homodyne detector with local oscillator frequency wp+A, as shown in Fig. 1. This figure demonstrates
that the proposed parameters in Tab.I lead to a result that is very close to the required rotation angle. The angle
error is also given in the right panel of Fig. 1, which shows that our result has maximally 0.04 rads angle error in the
intermediate frequency band (50-300Hz), creates a 40% relative correction to the noise spectrum according to our
estimation formula Eq. (14), degrading the improvement factor from 12 dB to 10.5 dB. Exact computation shows that
the degraded improvement factor is around 11.1 dB.
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A carrier laser wavelength 1064nm
Tsrm [SRM power transmissivity 0.35

T ITM power transmissivity 0.014

Lé(r)zn Arm cavity initial length 4km*

L(s(gc Signal recycling cavity initial length |50m®

ol Detection bandwidth 389 Hz

m Mirror mass (ITM and ETM) 40kg

I. Intra cavity power 650kW

A Idler detuning -300 kHz-5FSR src (=-15.3 MHz)
r Squeezing factor of the OPA 1.23 (15dB)
0Larm |Arm length tuning 19850\
6Lsre |SRC length tuning 26\

be Phase compensation 0.32 rads

I These numbers are approximated value since the exact length should be integer
number of half wavelength since both the arm cavity and signal recycling cavity
should be on resonance with the main carrier light. In particular, the exact length
of arm cavity closest to 4 km is 3759398496 \; for exact length of signal recycling
cavity closest to 50m is 46992481\.

TABLE I: Sample Parameters for implementing our scheme on the Advanced
LIGO. Here FSRsrc = ¢/(2Lsgrc).

7T/2 - Proposed scheme 0.01
2 D N S Optimal case =
;CS; ----- Broadband approx. E 0
2 & 001
g /4t E

= _0.02
= o) '
= )
;é /8 2
g < —0.03
~
0F . 1 | L
10! 102 103 10 102 10°
Frequency (Hz) Frequency (Hz)

FIG. 1: Left panel: Rotation angle for the b— field. The blue curve is the result computed using the parameters given in Tab.1
of the main text and exact transfer matrix technique. The red dashed curve is the optimal result of ®,o; = —arctan/C while the
black dashed curve is the rotation angle when we approximate K using broadband approximation as discussed in the main text
of this supplementary material. Right panel: Error of the rotation angle. (1)The magenta dotdashed curve is the difference
between the analytical result of rotation angle under broadband approximation and the optimal angle ; (2) the blue curve
is the difference between the rotation angle computed from our proposed scheme and the analytical result under broadband
approximation; (3) the red dashed curve is the difference between the rotation angle computed from our proposed scheme and

the optimal analytical result.

III. LOSS ANALYSIS

Fig.3 of the main text takes into account of the loss in our system. There are four main loss sources in our design:
(1) the loss due to the arm cavity and signal recycling cavity, which currently has the value round 100 ppm (per
round trip) and 2000 ppm (per round trip) and has a relatively small effect on the sensitivity, compare to the current
filter cavity design which has the value around 1ppm per meter. (2) the input loss comes from the loss of the optical
devices in the input optical path and mode mismatch; the readout loss comes from the measurement channel due to
the non-perfect quantum efficiency of the photo-detector, the lossy optical devices in the output optical path and also
mode mismatch. (3) The phase fluctuation of the local oscillators which are used to measure the & and b—fields.
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A. Arm cavity loss and signal recycling cavity loss

Similar to what has been discussed in [6], for the signal channel, 100 ppm round trip loss in the arm cavity corresponds
to about 0.3% total loss (considering the circulation of light fields) in advanced LIGO since it works in the resonant
sideband extraction mode, which is comparable to the impact of signal recycling cavity loss (~ 0.2%) at the interesting
frequency band. However, since the large detuned idler field does not resonant with the signal recycling cavity, thereby
a more careful simulation is needed. We simulate the effects of these noises in the following Fig.2 to compare the
impact of these different noise sources (a similar figure was also shown in [6]). Note that at low frequency, the impact
of these noises on the idler channel is much less than that on the signal channel, since the idler field does not drive
the interferometer mirrors through random radiation pressure force noise in the interested frequency domain.

(a) (b)
~ 2 S 102
% 10 E 10
= 10! = 4ot
= 10 = 10
2 Input Vacuum | 2 Input Vacuum
2 10 2 10°
= SRC loss g
31071 010! SRC loss
2 Arm cavi -%
S 1n-2 . -2
10 Z 10
=7 102 10° 10! 102 10°
Frequency (Hz) Frequency (Hz)
(c) (d)
g — SRC loss .
8 TAN —— Arm cavity loss | 12
E . s —— Lossless =
>} g
:
kS % 107 —— SRC loss
55 = —— Arm cavity loss
E = Lossless
5 8
- 10! 102 10
Frequency (Hz) Frequency (Hz)

FIG. 2: Simulation of quantum noise contributions from the arm and signal recycling cavities (round trip losses e, = 100 ppm
and esrc = 2000 ppm respectively, as in the main text) and their impact on strain sensitivity and sensitivity enhancement.
(a) Signal channel: comparison of quantum noise contributions in the signal channel from (unsqueezed) vacuum fluctuations,
arm cavity loss, and SRC loss. The noise fields beat with a strong carrier field, resulting in radiation pressure noise below
50 Hz due to the ponderomotive effect. (b) Idler channel: comparison of contributions in the idler channel from (unsqueezed)
vacuum fluctuations, arm cavity loss and SRC loss. The noise fields do not beat with the strong carrier field, and therefore do
not participate in the ponderomotive process. (c) The (small) impact of loss due to combined signal and idler channels, shown
separately for arm cavity loss and SRC loss (d) Impact of cavity losses on sensitivity enhancement factor for the proposed
conditioning scheme.

B. Input Loss and readout loss

Let us now investigate the effect of the input loss and the readout loss. The sensitivity curve in Fig. 3 of the main
text is computed using numerical transfer-matrix approach [8]. Here for giving an analytical formula, we apply the
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single-mode approximation which is a very good approximation within one free-spectral-range of the arm cavity. The
exact results about the contribution from the input loss and readout loss respectively are shown in Fig. 3. Since the
a and b fields propagate in a collinear way and share the same optical mode, therefore the input and readout loss of
the & and b—fields are the same, denoted by €;, (in terms of power) and we have:

a—1-— Ein& + Gmﬁ?, I; — 1-— Gmi) + \/Gin’flin7 (28)
1212 — /1 - erflg +Verny, Bg — V1 - GTBQ +Vern;. (29)

where A" and A" are two uncorrelated injection noises and A% and A} are two uncorrelated readout noises associated
with two homodyne detectors.

Expand to the first order of ¢;,, and €,., we have the approximated formula for the degradation of the strain sensitivity
as a summation of input loss contribution ASE};‘CO“C‘ and the readout loss contribution ASﬁifond:

ASﬁ%OHd _ AS;ihncond + AS}el,,}-lcond (30)
where:
h3 1 2cosh2r?2 — cosh 2r — 1
€incond SQL - )
A ~ 2cosh 2r (IC + IC> < cosh 2r ) €in (31)
h3 1+ tanh®2
ASgreond —SQL (i tanh? 2r + Lo tanh 2 €r (32)
2 K
(33)

It is easy to see that the effect of the input loss contributes a broadband degradation of squeezing degree. This
degradation is frequency independent. However, for the readout loss, at high frequencies where K < 1 the relative
loss correction is roughly ASgre™/§eond ~ [1 4 (tanh 2r)%e,., while at low frequencies where K > 1, ASf;*" /Ggond
is roughly (tanh2r)2e,. Therefore the readout loss effect at high frequencies is higher than that at low frequencies,
due to the fact that the pondermotive effect amplifies the signal at the low frequency band[2]. This character of
the sensitivity curves has been shown in Fig. 3 of the main text and more explicitly in Fig.3 of this Supplementary
Material.

If we take the assumption of €;,, = €, = ¢, the noise spectrum for the traditional broadband squeezing using an addi-
tional filter cavity and the conditional squeezing, including the loss € to the first order, and under the approximation
that the squeezing degree is large, we have:

COn h% L 2 3 ran h/% L 2
ASEed ~ 2Q (EJFEIC) 2, AS{Ien x QQ (EHC) €, (34)

where ASEI™ is the first order correction to the sensitivity curve produced by traditional squeezing scheme |2, 7] and
clearly we have ASfond ~ 2ASEan - As we have briefly mentioned in the main text, due to the fact that both signal
and idler beams experience the same loss during their propagation in our scheme, the input and readout losses in our
configuration are roughly doubled compare to that of the traditional squeezing scheme with an additional filter cavity.

C. Phase fluctuation

The classical phase uncertainty of local oscillators in homodyne detection scheme has a very small effect on the
sensitivity, proved as follows.

We assume that the phase fluctuation of the local oscillators used for signal and idler detection are independent
Gaussian random variables represented by & and &; respectively, with zero mean and standard variacne &,; and &,;,
such that their probability density functions are given by:

1 < 1 g

Re(gs) = W€7ﬁ7 Pz(gz) = \/762.67 2512)17 (35)

For measuring any field O, the effect of phase fluctuation o in a phase quadrature readout scheme is that the
actual detected quadrature is also a random variable which is given by O,,(t) = —O1(¢)sinéo + O2(t) cos€p. The
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FIG. 3: Left panel: the strain sensitivity and enhancement factor of our configuration when there is only input loss. Right
panel: the strain sensitivity and enhancement factor of our configuration when there is only readout loss.

ensemble-averaged variance of the detected quadrature is then [9]:

1 A oA A
S6,.0,, = §/d§OP(§O)<OmOIn + 0! 0,)

(36)
=V5,0, / déoP(E0)sinéd + V0, / A€o P(£0) cos & + (V 6, + Vi, 6,) sin o cos o
Now if we use the identities (we assume that &,, < 1.):
/dgop(go) SiHQ o = e_gzu sinh ggv ~ ggv A sin ggv
(37)
2
/dﬁoP(fo) cos® Eo = e fov cosh €2, ~ 1 — €2 ~ cos €2,
and the fact that the sin&p cos&p is an odd function, one can obtain:
SOmOm ~ cos 530‘/0”101 + sin 512,01/02@2. (38)

Using the above formula, one can can compute the variance of signal and idler fields. .
Similarly, the cross correlation between the signal and idler fields (represented by A and B) in the phase quadrature
readout scheme, accounting for phase fluctuations, is given by:

1 P - A A
Sa, B, = 3 / d&;dEsP(&)P(&s)((Arsinés + Agcosés)(By cos§; + Basing;)). (39)
Because &; and & are two independent random variables, the above cross correlation fluctuation leads to:
2.1l 2+ &2
SAmBm - SA2B1 e 2 ~ asby (1 - %) . (40)
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where we have used the identities:

[ doPtcoreoséo =% [ déoPlosingo =o. (41)

Substituting Eq. (38) and Eq. (40) into Eq. (11), the final strain sensitivity can be written as:

Shih =

h 1+ (&2, +£2,) sinh 4
sQL [ + (&0 + &5i) sin D (1 - €2, + €2 sinh4r)K| . (42)

2 cosh 2r K
The typical experimental rms of the local oscillator phase is taken to be 1.7m rad such as shown in[10], that means

the phase fluctuation quantities in the above formula have an orders of magnitude ~ 10~6 rad2. For a 15dB squeezer,
1 mrad phase jittering only contributes roughly ~ 0.5% relative correction to the final sensitivity.
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