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Abstract

This is a supplementary information for the paper ” Frequency-dependent squeez-
ing for gravitational-wave detection through quantum teleportation”

1 Interferometer response for idlers

In this section, we examine the response of the central interferometer as filter cavities
for two idlers. We show the parameter optimization process, crucial for using the
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Fig. 1 Resonance conditions for differential mode cavities: Shown from top to bottom are the reso-
nance conditions for Bob, Alice and Victor.

interferometer as quantum filter cavities to our specific requirements, then investigate
the effect of the arm cavity and SEC losses onto those filter parameters, comparing
the conventional filter cavity scheme.

1.1 Parameter searching

The coupled cavity formed by the SEC, ITM and ETM functions as a passive optical
cavity for two idler beams. Due to the phase shifts acquired in the SEC, the bandwidths
for two idlers can be tuned to meet the requirement of filter cavity bandwidths. To
begin, let’s examine the bandwidth of the arm cavity, which can be expressed as:

cItt™
arm — 1
V. M)

According to the scaling law theorem [1, 2], the effective bandwidth can be expressed
as follows:

|~ /Rgpetiosee
Y= ’YlarmRe 2%
1 + /Rggne2i¢sEc
— VlarmTSEM (2)
1+ 2v/Rspm cos 2¢sgc + Rspm

leading the requirement of round-trip phase ¢ggc:

p 1 Tspm 22 — 1 — Rspm
SEC = =< |arccos

+ nm. (3)
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Fig. 2 Left panel: Quadrature rotations. The solid red curve is caused by the interferometer (IFO)
and the dashed blue curve is rotation given to two idlers. Right panel: Angle error between the two
rotations.

Here, n is an integer that determines the number of spectral ranges of the SEC. The
phase ¢sgc for Victor and Alice, denoting as ¢, 4, can be described as:

+Ayva)L — Ay oL
(wo C,) SEC _ T 2¢0+ ,CSEC7 4)

qsv,a =

where ¢ represents the detuning phase of the SEC for the main carrier. ¢, , should
be tuned to realize the required filter cavity bandwidth 7, o; substituting Eq. (4) into
Eq. (3), Ay,q need to satisfy the following relation:

’ (5)

Av,a

~ 2Lspc

1,2
: + 27711,’@ —1)m+ ¢0
2v/ Rsgm > ( )

Tspm 2222 — 1 — Rgpm
arccos

having n; o as free parameters. On the other hand, ¢, o should also satisfy the following
relation to realize the effective detunings 4, o as:

- m«>] "

1.0 = Modgam (Ay 4) — Viarmlm .
1,2 am (Aya) =M [1+\/mezz¢u,a

where widR is the FSR of the arm cavity.

We have four tunable parameters: macroscopic arm and SEC length, 6 Laym = gA/2
and dLggc = pA/2 where ¢ and p are integer values, and n, , meaning the number of
the SEC spectral ranges contained in A, ,. In Table 1, we provide the optimal length
and frequency tuning parameters. The adjustments required for both the arm and
SEC are approximately 1.6 and 2.4 cm, respectively. Detuning frequencies of Victor
and Alice are approximately A, ~ 32.9 MHz and A, ~ —789 MHz. Fig 2 illustrates
a comparison of phase rotations, highlighting the ponderomotive squeezing and the
approximate rotations achieved through the combination of the two idlers.
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Parameter List

A Carrier wavelength 1550 nm

Tarm ITM power transmittance 7000 ppm

TsEMm SEM power transmittance 90 %

TroMm PCM power transmittance 20 %

m Mirror mass 211 kg

Iy Power at BS 63 W

b0 Detuning of the SEC 0.75 rad

Lffﬁln Arm initial length 10 km !

L) || SEC initial length 100 m

Yiarm Arm cavity bandwidth 8.35 Hz

v1/01 bandwidth/detuning of the first FC 4.27/19.54 Hz

~v2/d2 bandwidth/detuning of the second FC 1.64/-7.62 Hz

OLarm Arm length tuning 10497\

dLsgc SEC length tuning 15790

Ag Detuning of Alice 768 kHz + 11 FSRggc?2
Ay Detuning of Victor 655 kHz + 1059 FSRsec

ITo be more precise, Li% = 6451612903\ and L), = 64516129, where A is the
wavelength of the main laser.

2nq = 11 and n, = 1059.
Table 1 Parameters for ETLF [3]

1.2 Effect of arm cavity and SEC loss

The arm cavity loss contains the power loss per each mirror and the transmissivity
of the end mirror, which has values of 20 ppm and 5 ppm in the current design of
ET. The arm loss is amplified by the arm cavity approximately by a factor of finesse,
which expands the bandwidth of the coupled cavity as a filter cavity for idlers. On the
other hand, the SEC loss contribution to the cavity bandwidth is not significant even
though it has a large value as 1000 ppm.

According to the scaling-law theorem, the effective bandwidth of the lossy SEC-arm
coupled cavity, Vf’is, can be expressed as follows:

off _ (Tsec + Asec)Yiarm cAarm
Noss = Voss + Y2 =

14 2y/Rsgc cos 2¢sec + Rsec 4Larm

TS Y1arm CACH

e + s
1+ 2y/Rspc cos 2¢sec + Rspc 4Larm
where

T rI[lA
1 4 2v/Rsgc cos 2¢sgc + Rsec

Here, 71055 represents the coupled-cavity bandwidth when arm cavities have no loss,
and 79 is the contribution of the arm cavity loss to expansion of the bandwidth and
¢skc is the one-way phase inside the SEC for idlers. Eq.(8) is the expansion of the
bandwidth due to the losses. Using the current ETLF parameter, the numerator of
the first term T, Asgc is calculated as 7 ppm. Considering the amplification gains
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Fig. 3 Left panel: Noise contributions of each loss source to the strain sensitivity. Phase noises such
as squeezer noise rms, local oscillator rms, and SEC length rms are all encompassed within the AS
noise. The black curve depicts the ideal case without imperfections. Right panel: Quantum noise
enhancement factor in dB compared to the noise spectrum without squeezing (shown in gray in the
left panel).

by the denominator for two idlers, approximately 1.0 and 2.5 respectively, the effective
filter cavity losses are AT ~ 52 ppm and AST ~ 63 ppm. Since the length of the
filter cavity is that of the arm cavity L., = 10 km, the QT squeezing has less noise
contribution than conventional filter cavities in terms of the loss per unit length (This
is explained also in the references [4, 5]). Given the round-trip loss in the filter cavity
is Apc = 20 ppm, and the length Lrc = 1 km, discussion above leads:

eff
Av,a AFC
bl
Larm LFC

showing that the optical loss contribution to the expansion of the filter-cavity
bandwidth is smaller in the QT squeezing than the conventional squeezing.

2 Noise budget

Fig. 3 displays the quantum noise budget for the QT squeezing, alongside the
corresponding ETLF results for conventional squeezing.

Vacuum fields are introduced into the beam path by each loss source, and their total
contribution is obtained by integrating the fields from the same loss point. Four optical
losses have been accounted for, including (1) 4% injection loss that considers losses in
the OPA cavity and Faraday isolator; (2) A loss of 45ppm assumed for the round-trip
of light in the arm, as discussed in Section 1.2. (3) A loss of 1000ppm is assumed for
the signal extraction mirror, the central beam splitter, and the imperfections of the
Michelson interferometer, included in the overall SEC loss. (4) A 3% loss in readout due
to the combined losses in the Faraday isolator, output mode cleaner, and inefficiency of
the photo-detector. Losses from any source result in uncorrelated vacuum noise in the
beam path that reduces the level of squeezing and correlation between EPR-entangled
photons.

We evaluated three types of phase noise via root-mean-square (RMS) values in our
analysis: (1) 10 milliradians of squeezer phase noise, which indicates the relative phase



93

94

95

96

97

98

929

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

noise between the squeezer and the primary laser. (2) 10 mrad of local oscillator RMS
phase uncertainty, which indicates the relative phase fluctuations between the local
oscillator and the primary laser. (3) One picometer of SEC RMS length variations,
which refers to the fluctuations in the optical length of the signal extraction cavity.
These imperfections do not introduce any uncorrelated vacuum noise, rather contam-
inate the output with the contribution from the quadrature of light orthogonal to the
one measured, which should not appear in the detection.

As shown in Fig. 3, all noises induced by phase fluctuations are included in the anti-
symmetric (AS) port vacuum. It will be a subject of further research to break down
the phase noise into parameters termed dephasing, as exemplified in [6], to elucidate
the specific impact of each phase noise.
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