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We propose an upgrade of Advanced LIGO (aLIGO), named LIGO-LF, that focuses on improv-
ing the sensitivity in the 5-30Hz low-frequency band, and we explore the upgrade’s astrophysical
applications. We present a comprehensive study of the detector’s technical noises, and show that
with the new technologies such as interferometrically-sensed seismometers and balanced-homodyne
readout, LIGO-LF can reach the fundamental limits set by quantum and thermal noises down to
5Hz. These technologies are also directly applicable to the future generation of detectors. LIGO-LF
can observe a rich array of astrophysical sources such as binary black holes with total mass up
to 2000M⊙. The horizon distance of a single LIGO-LF detector will be z ≃ 6, greatly exceeding
aLIGO’s reach. Additionally, for a given source the chirp mass and total mass can be constrained
2 times better, and the effective spin 3-5 times better, than aLIGO. The total number of detected
merging black holes will increase by a factor of 16 compared with aLIGO. Meanwhile, LIGO-LF will
also significantly enhance the probability of detecting other astrophysical phenomena including the
gravitational memory effects and the neutron star r-mode resonances.

Introduction.– The detections of gravitational waves
(GWs) from coalescing binary black holes (BHs) [1–3] by
aLIGO [4] and Advanced Virgo (aVirgo) [5] heralded the
era of GW astrophysics. While the detections have shown
that there is an abundant population of BHs in the mass
range from 7 to 70M⊙ within redshift z . 0.2, detecting
binaries that are more massive and further away is chal-
lenging. Since the merger frequency decreases as the total
mass of the binary increases, systems more massive than
a few hundred solar mass will no longer lie in the most
sensitive band of aLIGO. The intermediate-mass black
holes (IMBHs) with masses ∼ 102 − 104 M⊙[6] are such
examples. Even after aLIGO reaches its design sensitiv-
ity, only relatively low mass IMBHs can be detected [7–
10]. At the same time, for sources further away, the GW
signal seen by the detectors is also shifted to lower fre-
quencies due to the cosmological redshift [11]. Therefore,
improving the low-frequency sensitivity of GW detectors

plays a crucial role in extending both the mass and spa-
tial range of detectability.

In this Letter we propose an upgrade to aLIGO (and
its evolution, A+ [12]) that enables a significant enhance-
ment in sensitivity in the 5-30Hz band, and maintains
high frequency performance. This new design, dubbed
“LIGO-LF”, can be achieved in the current infrastruc-
ture, and be implemented on a timescale of 10 years. In
addition to LIGO-LF’s merits in astrophysics, the design
and commissioning of it will also shed light on both later
upgrades like the Voyager [13] and future generations of
GW detectors like the Einstein Telescope [14, 15] and the
Cosmic Explorer [16].

LIGO-LF design. – Some of the technical noises in
aLIGO are currently more than an order of magnitude
above the instrument’s fundamental limits at 10Hz [17–
19]. In this section we describe the solutions we propose
to reach the LIGO-LF sensitivity shown in FIG. 1.
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FIG. 1. Proposed sensitivity curve for LIGO-LF (solid-
black), with a noise budget including contributions from
both fundamental noises and technical noises (dashed lines).
Also shown in the dotted-red curve is the spectrum of a
200M⊙ − 200M⊙ binary BH merger (in the detector frame)
at 10Gpc with optimal orientation as the main astrophysical
target of the upgrade. The LIGO-LF sensitivity to such sys-
tems is greatly enhanced relative to aLIGO (solid-blue) and
A+ (solid-magenta).

During the first detections of GWs, a low-frequency
cutoff was set to 20Hz [1–3, 20]. Data at lower frequen-
cies were not used because time-dependent coupling of
the control noise from the auxiliary degrees of freedom
limits the current aLIGO sensitivity. The first element of
the upgrade proposed for LIGO-LF reduces the angular
control noise.

Angular motion of the aLIGO optics is actively stabi-
lized using wave-front sensors with a typical sensitivity
of 5×10−15 rad/

√
Hz [18, 21]. The bandwidth of the arm

cavity angular loops is set to 3Hz to reduce the seismi-
cally induced motion of the test masses down to a few
nrad rms. However, the control noise disturbs the test
masses above 5Hz and couples to the GW readout sig-
nificantly via the beam miscentering on the mirrors. To
reduce this noise, we propose to further suppress the mo-
tion of the optical benches so that the bandwidth of the
angular loops can be lowered.

Despite the sophistication of the LIGO seismic isola-
tion systems [22–24], it does not significantly reduce the
ground motion at microseism frequencies. This is due
to the tilt-to-horizontal coupling [25–27], which causes
the horizontal sensitivity of the aLIGO inertial sensors
to grow very unfavorably (as 1/f4) at low frequencies as
shown in FIG. 2. In order to reduce the bandwidth of
the angular controls down to around 1Hz, sensitivity of
the tilt sensor should be 10−10 rad/

√
Hz in the frequency

range 10mHz to 0.5Hz. The corresponding horizontal
sensitivity is shown in FIG. 2. Above 1Hz we require an
improved sensitivity to reduce the direct coupling of the
ground motion to the GW channel (see the Supplemental
Material for a breakdown of the angular control noise).

There are two current approaches to reach the required
sensitivity of the inertial seismic sensors. The first one
is to actively stabilize tilt motion using 1D tiltmeters.
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FIG. 2. Inertial sensor noise for aLIGO (blue), required sensor
noise for LIGO-LF (black). A 1D tiltmeter can be used to
improve aLIGO sensor noise below 0.5Hz (blue-dashed). A
novel 6D optical seismometer can surpass the requirement
(red).

These rotation sensors, custom built at the University of
Washington, have an improved tilt sensitivity compared
to commercial ones [28, 29]. Using these tiltmeters, the
required sensitivity below 0.5Hz can be achieved. The
second approach uses an optical 6D seismometer pro-
posed in [30]. In the core of this instrument is an in-
ertial mass whose position is monitored relative to the
optical bench using interferometric readout. The mass is
suspended using fused silica fibers and the whole assem-
bly is quasimonolithic [31]. FIG. 2 shows that the design
performance of the 6D optical seismometer satisfies the
requirement in the entire frequency band.

Another factor limiting the minimum bandwidth of
aLIGO is the need of suppressing an angular instabil-
ity induced by radiation-pressure [32, 33]. We propose to
increase the LIGO-LF test masses from 40 kg to 200 kg
because heavier masses are less subject to the effects of
radiation pressure.

The next technique required for LIGO-LF is balanced-
homodyne readout [34]. This scheme is crucial to reduce
the coupling of the longitudinal motion of the signal re-
cycling cavity to the GW channel. The coupling is me-
diated by radiation pressure [35] and originates from the
fact that the two arms are intentionally detuned to en-
able DC readout [36]. In aLIGO, this noise is one of the
dominant noise sources in the 10-50Hz band [18]. Nev-
ertheless, it can be essentially eliminated in LIGO-LF,
because balanced-homodyne readout eliminates the re-
quirement for an intentional detuning of the arms. The
scheme also makes the laser intensity noise insignificant
above 5Hz.

The next problem we consider is suspension damping.
High-quality-factor resonances are damped using shadow
sensors [37] with a sensing noise of 2×10−10 m/

√
Hz. The

damping control noise is a significant factor for aLIGO
performance. A global control scheme has been pro-
posed [38] to reduce the direct coupling of longitudinal
damping noise to the GW channel. The shadow sensor
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noise, however, enters the auxiliary loops and couples
to the GW channel. This calls for an improvement of
the sensor noise by a factor of 100. Interferometric sen-
sors [39] are promising candidates and can significantly
surpass the requirement.

Once technical and environmental noises are sup-
pressed in the frequency range 5-30Hz, LIGO-LF sen-
sitivity will be limited by quantum and thermal noises.
Our strategy to improve the fundamental limits is similar
to the Strawman Team Red design [40].

Quantum noise [41–43] manifests both as sensor shot
noise, and as displacement noise by exerting quantum ra-
diation pressure (QRP) forces on the test masses. LIGO-
LF will operate under the “resonant-sideband extrac-
tion” configuration [44] with the same amount of power
circulating in the arms as aLIGO. A signal recycling mir-
ror (SRM) power transmissivity of 0.25 is chosen to opti-
mize the broadband sensitivity. The quantum noise can
be reduced with squeezed light [45–47]. Here we assume
a frequency-dependent squeezing [48–50] that provides
3 dB reduction of the QRP noise and 6 dB of the shot
noise. The QRP is further suppressed as the test masses
are increased from 40 kg to 200 kg.

Thermal noise is mainly due to the Brownian mo-
tion [51] in the suspension and the optical coatings. Be-
low 20Hz, suspension thermal noise dominates and is
mildly suppressed by the heavier test masses [31, 52, 53].
The length of the last suspension stage is doubled to 1.2m
to fully utilize the capacity of aLIGO’s vacuum enclosure,
which provides extra filtering and dilution of the effective
mechanical loss [54]. Meanwhile, the loss can be lowered
with more sophisticated surface treatments [55]. To re-
duce the noise from the upper stages, the penultimate
masses of LIGO-LF are also suspended with fused sil-
ica fibers. Overall, a factor of 5 improvement over the
aLIGO baseline is possible. The vertical component cou-
ples weakly and its resonance can be shifted down to
4.3Hz by a combination of increasing both the length
of the suspension and the tension inside the fiber (see
the Supplemental Material for a detailed description of
LIGO-LF suspension).

The coating thermal noise [43, 56–59] dominates the
sensitivity in the band from a few ten to a few hundred
Hz. The larger test masses and better seismic isolation
open up the possibility of increasing spot sizes by 50%
while keeping the alignment manageable. Furthermore, a
factor of 2 improvement in material loss angle is expected
by the time of LIGO-LF [60].

Further sensitivity improvement below 30Hz is lim-
ited by the gravity gradient noise and scattered light
noise. Fluctuations of local gravity fields around the
test masses [61–63] couple to the GW channel as force
noise. It can be partially suppressed using offline regres-
sion techniques [64]. In our calculation, a factor of 10
cancellation is assumed [16]. The residual gravity gradi-
ent noise is combined with the residual seismic motion in

FIG. 1 under the label ‘seismic’.

Scattering in the arm tubes leads to a critical noise
contribution below 30Hz [17, 65, 66]. A small amount of
light can scatter off the test masses due to surface imper-
fections, hit the baffles along the beam tubes, and finally
recombine with the main beam. At low frequencies, the
amplitude quadrature of the scattered light dominates
the coupling, with a coefficient

Zscatter ≃ 8.2× 10−13

(

20Hz

f

)2 (
200kg

mtm

)

m

m
. (1)

The coupling becomes a constant above 20Hz. As the rel-
ative displacement between the test mass and the beam
tube is on the order of the laser wavelength (1µm), the
scattered light noise coupling can thus be nonlinear. This
nonlinearity leads to up-conversion (known as “fringe-
wrapping” [18, 67]) of the baffle motion below 0.4Hz
up to 5Hz. In FIG. 1 we present a scattering noise
curve estimated from typical ground motion at the LIGO
sites with an anticipated 50% improvement in the mirror
surface quality relative to aLIGO. For rare cases where
the ground motion is severe, an up-conversion shelf can
form [17] and limit the low frequency sensitivity.

The anti-reflecting surfaces along the optical path cre-
ate another kind of scattering noise. To suppress this
noise, baffles should be constructed in the vertex of the
interferometer to block at least 99.9% of the total stray
light (see the Supplemental Material for a breakdown of
the total scattering noise).

Parameter estimation of coalescing IMBHs.– With
the LIGO-LF upgrade, both the number of detections
and the maximum detectable mass are larger than with
aLIGO and A+, as illustrated in the left panel of FIG.
3. Here we plot the LIGO-LF horizon and range [68]
as a function of the total mass. The system is assumed
to be non-spinning and to have equal masses. A single
LIGO-LF could detect IMBHs to cosmological distances
(z ≃ 6), whereas a network of 4 detectors would observe
to z ∼ 10, potentially accessing the first generation of
stellar BHs [69].

Moreover, for a given system, LIGO-LF enables a
significantly more accurate parameter estimation than
aLIGO. This is due to two facts: more total signal-to-
noise ratio (SNR) is accumulated in LIGO-LF than in
aLIGO, and the SNR starts to accumulate at lower fre-
quencies (right panel of FIG. 3). Thus, if aLIGO can only
measure the late merger-ringdown phase of an IMBH co-
alescence, with LIGO-LF we would be able to access the
inspiral phase as well. This allows for a more precise esti-
mation of the component masses and spins, essential for
characterizing the IMBHs.

To quantify these improvements, we analyze simulated
IMBH signals in mock interferometric data. Since the
sensitivity of A+ and aLIGO are similar below 20Hz
(where IMBHs’ inspirals would live) we consider the com-
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FIG. 3. Left: The horizon (solid lines) and range (dashed
lines) for LIGO-LF (blue), A+ (magenta), and aLIGO
(black). The mass is in the source frame. LIGO-LF may
reach a cosmological redshift z ≃ 6. Right: the cumulative
SNR for different binaries. For a given system, the total SNR
seen in aLIGO is normalized to 1. Not only more total SNR
can be recovered in LIGO-LF than in aLIGO, the SNR also
starts to accumulate at lower frequencies, increasing the num-
ber of useful cycles [70].

parison between LIGO-LF and aLIGO. The IMBH sig-
nals are generated with the IMRphenomPv2 waveform [71].
We consider 5 total mass bins from 100M⊙ to 2000M⊙.
For each source, we realize 3 spin configurations: no-
spin (χeff=χp=0), precessing spins with positive χeff

(χeff=0.5, χp=0.6), and precessing spins with negative
χeff (χeff=−0.5, χp=0.6). Here χeff is the mass-weighted
sum of component spins along the orbital angular mo-
mentum [72, 73], whereas χp captures the precessing
component [74]. The effect of mass ratio has been stud-
ied in REF. [9] so we focus on the equal mass case. The
waveforms are added to mock noise of a detector network
formed by the Livingston site (L), the Hanford site (H),
LIGO-India (I), and aVirgo (V). For the LHI network,
we consider both the LIGO-LF and aLIGO design sensi-
tivity; for V, we fix it at its design sensitivity [5] so that
we can focus on the improvements due to LIGO-LF. KA-
GRA [75] is not included as it is less sensitive to IMBHs
compared to other detectors. For each source, the incli-
nation is fixed to 30◦ and the distance is chosen such that
the network SNR is 16 when the aLIGO instruments are
used. We then use the LALInference [76] to get poste-
rior distributions of the IMBH parameters. The analysis
is performed from a lower frequency of 4.5Hz (5.5Hz)
for LIGO-LF (aLIGO). In this section, we refer to the
detector frame and we denote it with a superscript (d).

In FIG. 4 we plot the 90% credible intervals of the pos-

terior distributions of the chirp mass M(d)
c , total mass

M
(d)
tot , and χeff . For the masses, we present the results

for the non-spinning case. Fractionally, M
(d)
tot is better

constrained than M(d)
c for both LIGO-LF and aLIGO,

because for systems this massive, the merger-ringdown
phase dominates the SNR (cf., the right panel of FIG.
3; also [9]). When spins are included, an aligned (anti-
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FIG. 4. The 90% credible intervals of the detector frame chirp

mass M
(d)
c (top-left panel), total mass M

(d)
tot (the top-right

panel), and effective spin χeff (bottom panels) are all signif-
icantly smaller for LIGO-LF (black) than for aLIGO (blue).

LIGO-LF also reduces biases, especially for M
(d)
c and χeff

when the spin is anti-aligned, as seen in the bottom-left panel.

aligned) spin tends to improve (degrade) the inference ac-

curacy ofM(d)
c because it increases (decreases) the length

of the inspiral phase. Similar effects can also be seen in
the posterior distributions of χeff , as illustrated in the
bottom panels. The precession term, χp, cannot be well
constrained even with LIGO-LF.

To convert the detector frame masses shown above to
the source frame, the value of inferred redshift is re-
quired [11]. The typical statistical error in redshift mea-
sured with LIGO-LF is half of that with aLIGO (see
the Supplemental Material for the redshift posteriors).
Consequently, LIGO-LF enables a factor of 2 improve-
ment in constraining the source frame masses compared
to aLIGO. The effective spin χeff , nonetheless, is unaf-
fected by the redshift and thus LIGO-LF can achieve
3 − 5 times better accuracy than aLIGO, which will be
essential for discriminating between different formation
scenarios that predict different spin configurations [77].

Other applications– Besides studying the parameters of
a single event, examining the population of mergers can
also bear valuable fruit in astrophysics and cosmology.
We show in FIG. 5 the expected number of coalescing
binary BHs LIGO-LF, A+, and aLIGO, can detect per
year, respectively. The rate estimation follows REF. [78].
Specifically, we assume the primary BH’s mass, M1,
yields a distribution∝ M−2.35

1 exp (−M1/Mcap), with the
lower end set to 5M⊙ and higher mass cutoff Mcap =
60M⊙. The secondary’s mass M2 is assumed to be uni-
formly distributed between 5M⊙ and M1. We adopt a
merger rate of 97(1 + z)2 Gpc−3 yr−1 [79]. It predicts
that LIGO-LF can detect ∼ 4000 merging BHs per year,
which is 16 times that of aLIGO and 2.4 times that of
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FIG. 5. Expected detections per year of coalescing BH bi-
naries as a function of a system’s total mass. We divide each
M1 and M2 into 10 logarithmic bins from 5M⊙ to 200M⊙

and marginalize over mass ratio to derive the event rate per
total mass bin. LIGO-LF can detect ∼ 4000 events per year,
16 times more than the expected number for aLIGO.

A+. The large number of events observed by LIGO-LF
may be used to separate binary formation channels that
predict different event rates [80, 81], and to constrain the
fraction of dark matter in the Universe that is in the form
of primordial BHs [78, 82].

Various other astrophysical phenomena may be de-
tected by ground-based GW detectors. Here we con-
sider two more examples: (i) the GW memory effect [83],
and (ii) the gravitomagetic excitation of r-modes in co-
alescing neutron star (NS) binaries [84]. The results are
summarized in FIG. 6. For (i), we adopt the minimal-
waveform model [85]. LIGO-LF has a promising prob-
ability to detect this effect via event-stacking [86]. We
consider (ii) following REF. [84]. Here we focus on the
l = 2,m = 1 mode. The detectability of r-mode induced
phase shift is estimated using a Fisher matrix method
(see, e.g., [87]). We find that if the NS spins at rate
greater than 35Hz, LIGO-LF may detect the r-mode res-
onance from a single event at a distance up to 50Mpc.
Since the phase shift is sensitive to the internal buoy-
ancy, a detection of the r-mode may place constraints on
the NS equation of state from physics beyond just the
bulk properties of the star [88]. Furthermore, the r-mode
provides a measurement of the NS spin, which may help
breaking the spin-mass ratio degeneracy [11, 20].

Conclusions.–We proposed the LIGO-LF design to up-
grade the current detectors’ low-frequency performance.
All advanced technologies required for this update are di-
rectly applicable to future generations of detectors. With
the LIGO-LF sensitivity, we considered a variety of as-
trophysical sources, with the focus on the IMBHs. We
showed that both the detectability and parameter esti-
mation accuracy were significantly improved.
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Supplemental Material for “Prospects for detecting gravitational waves at 5Hz with

ground-based detectors”

(Dated: December 18, 2017)

I. LIGO-LF SUSPENSION DESIGN

LIGO-LF adopts a 4-stage suspension system similar to that of aLIGO [1]. The suspension chain consists of a top
mass (TOP), an upper-intermediate mass (UIM), a penultimate mass (PUM), and a main test mass (TST), with the
parameters for each stage summarized in TABLE I. The blade design used for LIGO-LF vertical support is similar to
that of aLIGO. Two requirements are set for the system above 5Hz: the suspension needs to provide sufficient filtering
of the residual ground motion (cf. FIG. 2 of the main Letter), and its total thermal noise should be dominated by
the pendulum mode from the TST stage.

To achieve the seismic isolation requirement, the mass ratio between the TOP and the TST stages should be similar
to that of aLIGO. Decreasing the TOP mass shifts the highest suspension resonance to higher frequencies, making the
pendulum filtering less efficient at 5Hz. Consequently we choose mTOP = mUIM = 80 kg, and the resultant seismic
noise is shown in the dotted-brown curve of FIG. 1 of the main Letter.

In addition to the direct length coupling, the longitudinal ground motion can also couple to the pitch motion of the
test mass. The main pitch resonance frequency can be controlled by tuning the distance between the fiber binding
point and the mirror’s center of mass. Similarly, the ground rotation can couple to the yaw motion of the test mass,
and the resonance frequency can be controlled as well [2]. For LIGO-LF, the main pitch and yaw resonances are set
to 0.42Hz and 0.35Hz, respectively, to balance the requirements for more filtering at high frequency (> 5Hz) and for
less rms angular motions at low frequency (< 1Hz).

We present the suspension thermal noise for LIGO-LF in FIG. 1. In the sensitivity band above 5Hz, the dominant
contribution comes from the pendulum mode of the test mass stage. In the calculation we have assumed an effective
loss angle of 5× 10−10 [3] and the resultant suspension thermal noise is similar to the quantum noise from 5 to 20Hz.
In order to reduce the contamination from other stages, we replace the suspension for the PUM stage from C70 steel
wire to silica fiber. Meanwhile, the wire stress in the TOP and UIM stages is increased by 30% relative to aLIGO for
better dilution of the losses.

Besides the thermal motion along the beam line, the vertical vibration of the test masses also couples to the GW
channel due to the Earth’s radius of curvature. The eigenfrequency fv of the last stage’s vertical mode (also known
as the “bounce mode”) scales as [4]

2πfv ≈
√

gY

lσ

mTST +mPUM

mPUM
, (1)

where g, Y , l, σ, mTST, and mPUM are the local gravitational acceleration, the Young’s modulus of the material,
the length of the suspension, the stress inside the fiber, the mass of the test mass, and the mass of the penultimate
mass, respectively. To make fv low, we maintain the mass ratio between the PUM and the test mass to 1 as aLIGO,
and double l to 1.2m. Meanwhile, the fibers suspending the test mass have a tapered geometry: for the thick part
where most of the bending energy is stored, it has a diameter of 1.8µm to cancel the thermal-elastic noise, while
the thin part has a diameter of 0.6µm to increase the stress σ to 1.7GPa. Consequently, the bounce mode has an
eigenfrequency of fv = 4.3Hz, which provides sufficient filtering of the vertical motion in the sensitivity band.

Lastly, we point out as a caveat that the suspension system we propose here will result in a payload close to the
limit of the capacity of the current vacuum chamber piers. The implementation of it will thus require the masses to
be carefully centered in the chamber so that the capacity can be fully utilized. On the other hand, decreasing the
TOP/UIM masses will degrade the seismic isolation performance, while decreasing the PUM mass will increase the

TABLE I. Summary of the LIGO-LF suspension parameters

Stage mass [kg] length [m] Wire diameter [mm] Material

TOP 80 0.32 1.8 C70 steel

UIM 80 0.32 1.2 C70 steel

PUM 200 0.36 1.2 Silica

TST 200 1.2 0.6 (thin); 1.8 (thick) Silica
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FIG. 1. The LIGO-LF suspension thermal noise from different stages (represented by dotted lines with different colors). The
quantum noise is also plotted in the red-solid line as a reference. In the left we plot the direct horizontal (along the beam line)
displacement noises. The dominant contribution above 5Hz is from the last stage and it is similar to the quantum noise in the
5 − 20Hz band. In the right are the noises due to the vertical-to-horizontal coupling. The bounce mode is at 4.3Hz, making
the vertical contributions subdominant above 5Hz.

vertical thermal noise. This illustrates an example of the challenges that need to be tackled in order to observe GW
down to 5Hz.

II. REQUIREMENTS OF THE ANGULAR CONTROL LOOP

The alignment loop of the arm cavity is designed to balance two requirements. On one hand, the loop needs to
have large enough gain at low frequency to suppress the rms motion of the test mass to ≃ 1 nrad, and to overcome
a radiation pressure induced angular instability. On the other hand, the loop gain needs to be as low as possible at
high frequency to avoid perturbing the mirrors by feeding back the sensing noise.

In FIG. 2 we plot the residual pitch motion for aLIGO and LIGO-LF after the alignment control is engaged with
a detailed noise budget; the yaw motion is similar at high frequencies and is significantly less than pitch below 1Hz,
so the low frequency rms requirement for yaw is less critical. In the calculation for aLIGO, we use the measured
ground motion and shadow sensor noise to represent the contributions due to seismic and due to suspension damping,
respectively. For LIGO-LF, we adopt the required sensor noise (the black trace in FIG. 2 of the main Letter) for the
residual seismic motion, and scale the shadow sensor noise of aLIGO down by a factor of 100 for the damping noise.
Therefore our results here should be interpreted as the requirement set for the future seismic and damping sensors.
The sensing noise from the wave-front sensors is assumed to be 5 × 10−15 rad/

√
Hz for both aLIGO and LIGO-LF.

Also shown in the red curve as a comparison is the equivalent quantum noise: with 1mm of spot miscentering, an
angular fluctuation per test mass given by the red curve will be converted to a length noise equal to the LIGO-LF’s
quantum limit.

For aLIGO, a control bandwidth of 3Hz is necessary to reduce the rms pitch motion to 1.2 nrad. Such a high
bandwidth limits how fast the loop gain can roll-off at high frequency. Consequently, a considerable amount of control
noise is injected to the 10-20Hz band, contaminating the GW sensitivity. For LIGO-LF, however, we can reduce the
bandwidth to 0.8Hz, yielding a rms motion of 0.5 nrad. We require the rms motion to be less than half of the aLIGO’s
value to open up the possibility of increasing the spot size by 50%. The sensing noise can now be decreased below
the quantum limit at 4Hz. The damping noise, nonetheless, becomes significant for LIGO-LF, and a factor of 100
improvement is essential for reaching the instrument’s fundamental limit at 5Hz.

In addition to suppressing the test masses’ rms motion, overcoming the angular instability is another critical
requirement on the alignment bandwidth. With 0.8MW of power circulating in the arms, the radiation pressure force
creates an optical torque comparable to the restoring torque from the suspension, and thus modifies the test masses’
mechanical response. The input and end test masses are coupled by this effect to oscillate in a set of eigenmodes
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FIG. 2. The residual pitch motion of aLIGO (left panel) and LIGO-LF (right panel). The black-solid curves are the total angular
motion and the black-dashed ones are the corresponding cumulative rms values. The dotted curves are the noise contributions
due to seismic (blue), suspension damping (orange), and wave-front sensing (purple), respectively. The red-solid curve is shown
for comparison: it corresponds to a noise level equivalent to the LIGO-LF’s quantum noise if the spot miscentering is 1mm.

which are conventionally known as the “hard” and the “soft” modes [5]. Their eigenfrequencies are given by [6].

ω2
± = ω2

0 +
PL

Ic

[

−(gi + ge)±
√

4 + (gi − ge)2

1− gige

]

, (2)

where we have used ω+ (ω−) to represent the angular eigenfrequency of the hard (soft) mode, and ω0 the pendulum
frequency. The L, P , I, and gi (e) are the arm length, power circulating in the arms, momentum of inertia, and the
g parameter of the input (end) test mass, respectively. The values for aLIGO are given in REF. [7], which leads to

(ω−/2π)
2
= −(0.2Hz)2. The soft mode is thus unstable for aLIGO without control loop. Overcoming the instability

will demand a bandwidth of & 10 |ω−/2π| = 2Hz. Nevertheless, as we increase the test masses by a factor of 5 to
200 kg, the momentum of inertia will increase by a factor of 55/3 ≃ 15 if we assume the mirror geometry stays the
same as that of the aLIGO mirror. This increased momentum of inertia greatly suppresses the radiation pressure
effect. Also taking into account the facts that we shift the pendulum frequencies for LIGO-LF (cf. Section I) and
modified the input test masses’ radius of curvature to increase the spot size (gi = −1.2 for LIGO-LF; ge is the same for
LIGO-LF and aLIGO), the eigenfrequency of LIGO-LF’s pitch (yaw) soft mode becomes (ω−/2π) ≃ 0.4Hz (0.3Hz).
Consequently, the soft mode will be stable for LIGO-LF, relaxing requirements set on the minimum control bandwidth.

III. CALCULATION OF THE SCATTERING NOISE

For the scattering noise calculation, we introduce the effective displacement x̄scatter defined as

x̄scatter(t) =
λ

4π
sin

[

4π

λ
xscatter(t)

]

, (3)

where xscatter(t) is the (physical) relative displacement between a mirror and a scattering surface at time t, and
λ = 1064 nm the laser wavelength. The corresponding frequency-domain displacement is thus given by

ˆ̄xscatter(f) =
λ

4π

∫

sin

[

4π

λ
xscatter(t)

]

exp (−2πift) dt. (4)

Notice that when xscatter ∼ λ, the effective displacement no more varies linearly with the physical displacement.
Consequently, the large ground motion below 1Hz can be up-converted to the sensitivity band, making scattering a
significant noise source when the ground motion is severe.

The olive trace in FIG. 1 of the main Letter is calculated including two effects: scattering in the arm tubes, and
scattering in the vertex of the interferometer, with each one’s contribution individually shown in FIG. 3.
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FIG. 3. The noises due to scattering in the arm tubes (dotted-blue) and in the vertex (dotted-orange). The total LIGO-LF
noise is shown in the solid-black as a reference.

For the former, the calculation follows from REF. [8], and the noise projected onto the GW readout is the product
between ˆ̄xscatter(f) and the coefficient Zscatter we have introduced in Eq. (1) of the main Letter.

The scattering in the vertex is caused by the anti-reflecting (AR) surfaces along the optical path. If not properly
baffled, the stray light may hit the chamber wall and be reflected back to the optical path. The coupling coefficient
per stray beam is [9]

Zvertex ≃ 1.0× 10−12

(

RAR

250 ppm

)(

2mm

wwall

)(

Tbaffle

0.001

)1/2
m

m
, (5)

where RAR is the power reflectivity of the AR surface creating the beam, wwall is the stray light’s spot size on the
chamber wall, and Tbaffle is the fraction (in power) of the stray light that leaks through the baffle. There are 10 AR
surfaces that can contribute to this noise, 2 from the input test masses (RAR ≃ 250 ppm), 4 from the beam splitter
(RAR ≃ 50 ppm), and 4 from the compensation plates (RAR ≃ 20 ppm). To achieve the proposed LIGO-LF sensitivity,
the baffles need to reduce the power of the stray light by

T
(LIGO−LF req.)
baffle < 0.1%. (6)

IV. INFERRED MASSES IN THE SOURCE-FRAME

In the main Letter, the parameter estimation section focused on the results in the detector-frame. Here we provide
the source-frame results for completeness. The conversion is [10]

Mc =
M(d)

c

1 + z
(7)

for the chirp mass Mc, and similarly for the total mass Mtot. Here z is the cosmological redshift and we have denoted
the detector-frame with a superscript (d).

In FIG. 4 we present the 90% credible intervals of the redshift z. To yield a network SNR of 16 with aLIGO

design sensitivity, the redshifts are z = (0.53, 0.82, 1.1, 0.92, 0.22) for the 5 injections we have with M
(d)
tot =

(100, 200, 400, 1000, 2000) M⊙, respectively. LIGO-LF typically improves the accuracy in the redshift inference
by a factor of 2 relative to aLIGO.

We show the 90% credible intervals of the source-frame masses in FIG. 5. The injected source-frame total masses
are Mtot = (65, 109, 187, 521, 1644) M⊙, and chirp masses Mc = (28, 48, 82, 227, 716) M⊙. Due to the statistical
error in measuring the redshift, LIGO-LF only constrains the source-frame values 2 times better than aLIGO, despite
that it can constrain the detector-frame ones 3-5 times better.
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FIG. 5. The 90% credible interval of the source-frame chirp mass Mc (left panel) and total mass Mtot (right panel). The
uncertainty is about a factor of 2 smaller for LIGO-LF compared to aLIGO, and is dominated by the uncertainty in inferring
the redshift. Thus LIGO-LF enables less improvement in constraining the source-frame masses than in the detector-frame ones.
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