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Abstract
Third generation ground-based gravitational wave detectors are proposing the
use of cryogenics. The low-temperature regime will require a cooling-down
system capable of removing heat from test masses and maintaining its low
temperature. The present study analyzes the Newtonian noise introduced by
rotating impellers used in a cooling-down system with sub-cooled nitrogen cir-
culating in a loop. In order to calculate this noise, a computational model was
developed and the results were compared to the LIGO Voyager and Cosmic
Explorer design sensitivity curves. For a system using two impellers having
three blades each, the model shows that this Newtonian noise is always below
the sensitivity curve if their distance to the test mass center is greater than 2.3m
for LIGO Voyager and 2.4m for Cosmic Explorer. In addition, our calculations
showed zero noise values for specific impeller’s locations, depending on the
blade number. This revealed a new region where it is possible to minimize the
noise.
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1. Introduction

In 2015, the LIGO detectors performed the first direct detection of gravitational waves [1],
inaugurating the era of gravitational-wave astronomy. Since then, many more compact binary
systems have been observed by the LIGO and Virgo collaborations [2–4]. To fully capital-
ize on the potential of the field, new technologies are constantly being developed in order to
upgrade the current LIGO detectors, as well as supplementing the so-called ‘third generation’
gravitational-wave detectors, such as Cosmic Explorer [5], and the Einstein Telescope [6].
Many of the suggested upgrades will use heavier masses at cryogenic temperatures to reduce
some fundamental noises.

In addition to the low-temperature regime, silicon-made test masses will be used for LIGO
Voyager [7] and possibly for Cosmic Explorer [6]. Particularly, this material presents a zero
thermal expansion coefficient around 123K [8] and, operating at this temperature, it is possible
to suppress the thermoelastic noise [9].

Considering the LIGO Voyager design, about 10W of power needs to be extracted from
the test mass to maintain its temperature of 123K [10]. The high vacuum inside the chambers
makes convection negligible. Furthermore, metallic links to conduct heat from the test masses
could introduce noise by the vibration modes [11, 12]. Nevertheless, it is possible to remove
the required heat by radiation. For this purpose, a closed-loop pipeline in which a sub-cooled
(65–77K) liquid nitrogen (LN2) is circulating can be used. However, this system can introduce
Newtonian noise due to bubble formation, which was addressed by Bonilla et al [13].

On the other hand, in order to circulate a sub-cooled liquid nitrogen in a closed-loop
pipeline, a novel pumping device is required. We propose the use of magnetically driven rotat-
ing impellers to create the LN2 flux. Because this mechanism will also generate Newtonian
noise, we present a model for the gravitational interaction between these impellers and the test
mass, and estimate the noise it produces to evaluate the viability of this system.

2. Methods

In order to estimate the Newtonian noise introduced by the impellers, one needs to calculate
the gravitational interaction between each impeller and the test mass. Consider np impellers
of nb blades. In a first approach, each blade was modeled as a point mass circulating a center
(the impeller center) at a frequency f (in Hz). A vector r⃗ points from the center of mass of the
test mass to each point of mass (blade), and it makes an angle θ with the symmetry axis of the
cylinder.

The gravitational force exerted on an uniform cylinder by a point mass was investigated by
Lockerbie et al [14]. Similarly to Bonilla et al [13]. The axial acceleration per unit mass can
be expanded in terms of the the ratio of cylinder length l, and the distance of the point mass to
the center of the cylinder r as follows:

α(r,θ) = G ·
∞∑
n=0

[
P2n+1 (cosθ)

r2

(
l
2r

)2n n∑
k=0

(
2n+ 1
2k

)
P2k (0)
k+ 1

(
2b
l

)2k
]
, (1)

where b is the cylynder radius, and θ is the azimuthal angle, as defined in figure 1. In addition,
Pk(x) represents the kth Legendre polynomial.

Equation (1) gives the axial acceleration α(r,θ) due to each blade (point mass) at a given
moment in time. The sum of the contributions of all blades gives the total axial acceleration
for one specific impeller, and the sum of all impellers’ contributions results in the total axial
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Figure 1. Representation of the test mass side view, with the coordinate system chosen
for the calculations. Note that the axis in which the we put the impellers’ centers is
parallel to the test mass symmetry axis (z axis), and these two are separated by a distance
x0.

acceleration. Furthermore, the blades rotate with frequency f, i.e. their position is a function
of time, as is the total axial acceleration as well. Therefore, the equation can be seen as a time
series through the dependence of θ on time.

For this model, we are considering a pipeline system that includes a serpentine around the
test mass low temperature shield, and a liquid nitrogen flux produced by two impellers, one at
the input and one at the output. In addition, the vector normal to the impeller’s plane is pointed
towards the test mass symmetry axis. Furthermore, the axis formed by the impellers’ centers
is parallel to the same test mass symmetry axis, and these two are separated by a distance
x0. Considering l/2 the half length of the test mass and the origin of the coordinates at the
cylinder center of mass, as in (1), the impellers’ centers are located at the points (x0,0, l/2)
and (x0,0,−l/2).

In figure 1, one can see a representation of the coordinate system chosen for the calculations.
The point mass is represented by a dot and the test mass, side viewed, by a rectangle. In general,
the impellers’ centers are at the points (x0,0,z).

In figure 2, it is given another view for the system, using a general position for the impeller’s
center (small dot). Its position is at the point (x0,0,z). The blades, considered point masses,
are represented by three dots.

For a given configuration of np, nb, x0, and f, themodel can generate a total axial acceleration
time series. Since we have it in the Fourier domain, using common algorithms of Fourier
Transform, it is integrated twice, resulting in the power spectral density (PSD) of displacement.
Finally, taking the square root of the PSD, it calculates the amplitude spectral density (ASD) of
the displacement in units of m/

√
Hz. Therefore, we compare it to LIGO Voyager and Cosmic

Explorer designed curves for ASD of displacement.
All impellers are in phase and have the same rotational frequency f, which is the worst case

for producing Newtonian noise. Nevertheless, an even number of impeller blades should, in
principle, minimize the noise due to the symmetry of the blade arrangement. The effect of one
impeller blade on the test mass is roughly canceled out by the effect of the opposite one. This
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Figure 2. Representation of the coordinate system chosen for the calculations. The
impellers blades are represented by dots. The vector normal to the impeller’s plane is
pointed towards the test mass symmetry axis.

cancellation is not perfect, because the distances to the test mass, considering opposite blades
in the same impeller, are not exactly the same.

It is important to note that LIGO Voyager and Cosmic Explorer do not have the same test
mass design. LIGO Voyager uses a length of lv = 550mm and diameter dv = 450mm [7]. In
the case of the Cosmic Explorer, because the dimensions of its test mass have not yet been
fully defined, we used two sets of parameters (length and diameter): one is lc = 644mm and
dc = 526mm, the other is lc = 880mm and dc = 450mm. For our results, we considered x0 ⩾
1.0m, an impeller mass of m= 100 g, and an impeller radius of δ= 8 cm.

3. Results and discussions

3.1. Analysis for different configurations

In order to compare the different results for distinct configurations, let us consider first np = 2.
Table 1 shows the comparison between the Newtonian noise calculated for impellers of 3 and
5 blades for all studied configurations. As it is expected, the larger the distance x0 the less
noise. Additionally, the noise caused by impellers of nb = 5 is lower than the one caused by
impellers of nb = 3. This is because adding more blades means a less anisotropic distribution
of mass. Consequently, a large number of blades implies less Newtonian noise.

For the Voyager case shown in figure 3, the noise produced by 3-bladed impellers can be
105 bigger than the 5-bladed one, depending on the distance x0. In the Cosmic Explorer case,
as seen in table 1, there are similar ratios in noise peaks, ranging from 103 to 105 depending

on x0. For x0 ⩾ 2m, the peaks of 5-blade calculations are below ≈10−25 m
√
Hz

−1
.
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Figure 3. Newtonian noise for Voyager, x0 = 1m and different number of blades. The
chosen impeller rotation frequencies are f0 = 10,20,and 60Hz. Solid lines show the
Newtonian Noise for nb = 3, while dashed lines show the same noise but using nb = 5.
Circle, triangle and star represent f = 10Hz, f = 20Hz, f = 60Hz peaks, respectively.

Also in table 1, we compare the maxima noise values calculated. One can note that the ratio
between Voyager and CE is dependent on the distance x0 and the number of blades nb, which
means 3-bladed impellers generate more noise.

Finally, focusing on the frequencies, it can be noted that different impeller rotation fre-
quencies f0 will result in a peak noise at fn = f0 · np. Assuming that the noise frequency is
stable, we highlight that it is possible to use a notch filter to attenuate it. In the same way,
one can design its frequency to match the power line noise or one of the wire suspension
lines, since they are usually removed from the spectra. If the noise coupling is linear and not
affected by other coupling mechanisms, it is also possible to try to cancel it, since the value is
well known.

Next, we will discuss a safe distance that we can choose in order to have the impellers’ noise
level bellow the sensitivity curve. Therefore, we defined a maximum threshold of 1/10 times
the detector’s sensitivity curve. Figures 4–6 shows the sensitivity curve for Voyager, CE1 and
CE2, respectively. Also, one can note noise maxima for different frequencies f0 and distances
y0. We used f = 1,2,3,4,5,6,7,8,9,10,20,60, and 100 (Hz). Additionaly, let us consider nb =
3, since this noise is higher than that produced by impellers with nb = 5 (see figure 3).

For LIGO Voyager configuration, our model shows that the noise peak will lie below
threshold, for all frequencies, if x0 ⩾ 2.3m (figure 4). Cosmic Explorer results were also cal-
culated. For the first test mass dimensions (lc = 644mm and dc = 526mm), all noise peaks
are below threshold for all frequencies if x0 ⩾ 2.4m (figure 5). For the other test mass dimen-
sions (lc = 880mm and dc = 450mm), all noise maxima are smaller than the sensitivity curve
if x0 ⩾ 2.6m (figure 6). In addition, if x0 ⩾ 3m the noise peaks will lie below threshold
for all three configuration. Also, impellers at distances x0 ⩾ 1m produce noise peaks below
the threshold for analysed designs if nb = 5. These results are summarized in table 2. The
impellers are responsible for generating flux pushing the liquid forward. In particular, a lower
pressure region is created behind each blade. Depending on its angular velocity and the flux

5



Class. Quantum Grav. 42 (2025) 085017 J A M Reis et al

Table 1. Maxima of the ASD of displacement Newtonian noise values calculated for
LIGO Voyager and Cosmic Explorer (CE), using lc = 644mm and dc = 526mm, with
the ratio between Voyager and CE results.

x0 (m) np nb f0 (Hz) Voyager ASD (m
√
Hz

−1
) CE ASD (m

√
Hz

−1
) Ratio

1 2 3 10 4.141 · 10−20 4.360 · 10−20 0.950
1 2 3 20 1.035 · 10−20 1.090 · 10−20 0.950
1 2 3 60 1.150 · 10−21 1.211 · 10−21 0.950
1 2 5 10 1.874 · 10−23 2.486 · 10−23 0.754
1 2 5 20 4.685 · 10−24 6.214 · 10−24 0.754
1 2 5 60 5.206 · 10−25 6.905 · 10−25 0.754

2 2 3 10 5.073 · 10−22 6.141 · 10−22 0.826
2 2 3 20 1.268 · 10−22 1.535 · 10−22 0.826
2 2 3 60 1.409 · 10−23 1.706 · 10−23 0.826
2 2 5 10 1.492 · 10−26 2.346 · 10−26 0.636
2 2 5 20 3.730 · 10−27 5.865 · 10−27 0.636
2 2 5 60 4.145 · 10−28 6.517 · 10−28 0.636

3 2 3 10 3.213 · 10−23 3.978 · 10−23 0.808
3 2 3 20 8.032 · 10−24 9.945 · 10−24 0.808
3 2 3 60 8.925 · 10−25 1.105 · 10−24 0.808
3 2 5 10 1.832 · 10−28 2.923 · 10−28 0.627
3 2 5 20 4.581 · 10−29 7.308 · 10−29 0.627
3 2 5 60 5.090 · 10−30 8.120 · 10−30 0.627

Figure 4. Newtonian noise peaks for different impeller rotation frequencies in the LIGO
Voyager configuration.

rate, the LN2 boiling point can be lowered enough to form bubbles, which can merge into a
single one, behind each blade. These attached bubbles will reduce the Newtonian noise caused
by the impellers. However, this possibility needs more investigation.

6



Class. Quantum Grav. 42 (2025) 085017 J A M Reis et al

Figure 5. Newtonian noise peaks for different impeller rotation frequencies in the
Cosmic Explorer configuration, using lc = 644mm, dc = 526mm.

Figure 6. Newtonian noise peaks for different impeller rotation frequencies in the
Cosmic Explorer configuration, using lc = 800mm, dc = 450mm.

3.2. Newtonian noise zero

The impeller’s centers are located at the points (x0,0,z). Varying the z coordinate, we calcu-
lated the noise peak for different impellers’ center positions. The results show a zero noise for
a specific θ0 angle, which implies a specific z coordinate, depending on the number of blades
nb. Note that θ0 is the angle formed by the vector pointing from the origin to the impeller’s
center and the z axis.
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Table 2. Minimum x0 (m) in which all peaks are below the sensitivity curve calculated
for LIGO Voyager and Cosmic Explorer.

Detector l (mm) d (mm) nb x0 (m)

LIGO Voyager 550 450 3 1.35
5 1.0

Cosmic Explorer 644 526 3 1.4
5 1.0

Cosmic Explorer 800 450 3 1.5
5 1.0

On figure 7, one can see the plot for the ASD of displacement calculated for one impeller
with 3 blades, x0 = 1m, and f = 20Hz. Varying the z coordinate, the model resulted in a zero
value around z≈ 0.8918m.

The cancellation of the Newtonian noise can be understood by expanding (1) to first relevant
order in (δ/r0), where δ is the impeller radius, and r0 is the distance between the center of the
impeller and the center of the test mass. If we only expand the monopole term for the axial
acceleration for nb blades, the lowest order α0 is given by (see appendix for more details):

α0 =
G

r20

(
cos(θ0)

2

)nb−1
(2nb + 1)!!
(nb − 1)!

[
cos2 (θ0)−

nb
2nb + 1

](
δ

r0

)nb

cos(nbβ (t)) , (2)

where θ0 is the azimuth angle of the center of the impeller, and β(t) represents the time-
dependent angular motion of the impeller. Therefore, the monopole contribution to impeller
Newtonian noise from this equation becomes zero at:

θ0 = arccos

[(
nb

2nb + 1

)1/2
]
. (3)

Equation (3) gives an approximation for the z coordinate at the zero Newtonian noise.
For one impeller of 3 blades, as shown in figure 7, we have θ0 ≈ 49.1o. This corresponds
to z≈ 0.8660.

This expansion helps explain the nature of the Newtonian noise zero: the gravitational effect
of a rotating blade varies depending on its proximity to the center of the cylinder. As the
blade moves closer to the center, the gravitational pull strengthens. However, this proximity
also causes the mass to deviate further from the symmetry axis of the cylinder in terms of
azimuthal angle, thereby weakening the axial projection of the gravitational force. These two
opposing effects are of comparable magnitude and can nullify each other at a specific angle
θ0, as calculated.

In a realistic design for the cryogenic system, we can select the impeller position and ori-
entation so as to minimize the impact of their Newtonian coupling to the test mass.

4. Conclusion

We studied the Newtonian noise generated by impellers used in a closed-loop pipeline cooling-
down system for cryogenic detectors. For this purpose, a model was developed in order to
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Figure 7. Noise peaks for different z coordinates, using the Voyager design configur-
ation, x0 = 1.0m, np = 3, and f = 20Hz. The zero is located at z≈ 0.8918 m. The red
dashed line denotes the minimum position, while the gray dashed line represents the test
mass half-length. This profile is the same for negative z coordinates.

estimate the gravitational interaction between the impeller and the test mass. The model was
then applied to the LIGO Voyager and Cosmic Explorer test masses.

From the results, this study sheds some light on the design choices. The minimum distance
from the test mass to the impellers in which the Newtonian noise is lower than the sensitivity
curve will depend on the number of blades. The results for nb = 3 are, in LIGO Voyager case,
x0 ⩾ 1.35m. For Cosmic Explorer, we analyzed two different test mass possibilities and, for
the minimum distance x0 can be 1.4m or 1.5m. However, considering nb = 5, the peaks are
below the sensitivity curve if x0 ⩾ 1.0m for all considered detectors designs.

Furthermore, our model revealed another possibility for the impeller’s position choice: the
combination of blades position and angle produces a noise zero for specific positions in our
coordinate system. In addition, there is a region around the minimum position which results
in lower noise levels and can be used to allocate more than one impeller, if needed.

Therefore, by ensuring that the distance criterion is met, the formation of bubbles on
the pipeline walls [13] becomes a greater concern than impeller Newtonian noise for LIGO
Voyager and Cosmic Explorer.

The model has certain limitations, as one can note. Firstly, it treats the blades as point
masses, which can be improved by representing each blade as several equal-mass points and
calculating their contributions to the total axial acceleration. Moreover, the Newtonian noise
results for the case of the Cosmic Explorer need to be reviewed if its test masses are produced
with other dimensions than the ones we assumed in this work.
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Appendix. Newtonian noise zero detailed calculations

A.1. Introduction

In our model, we consider an impeller in which blades of nb point masses are symmetrically
spaced around a center location denoted by r⃗0 = r0ûr. The cylindrical test mass of radius b and
half length l/2. The radius of the impeller is denoted by δ. Following figure 2, we can write
the position of a blade relative to the center of the impeller as:

δ⃗k = δ [−cos(βk) ẑ+ sin(βk) ŷ] . (A.1)

The nb angles βk = β(t)+ 2π k/nb, k= 0,1, · · · ,nb − 1 are the angles of the equidistant
point masses. In this definition, β(t) is the common angle that describes the rotation of the
impeller. The choice of measuring angles using the negative z axis is arbitrary and does not
affect the results of our calculations, but we adopt it because it simplifies calculations down
the line.

We can analyze the axial acceleration made by the kth point mass of the impeller by calcu-
lating the time dependent position of the point mass:

r⃗k = r⃗0 + δ⃗

= [r0 cos(θ0)− δ cos(βk)] ẑ+ r0 sin(θ0) x̂+ δ sin(βk) ŷ. (A.2)

Its amplitude:

rk =

√(⃗
r0 + δ⃗

)
·
(⃗
r0 + δ⃗

)
=
√
r20 + δ2 − 2r0δ cos(θ0)cos(βk), (A.3)

and the cosine to the azimuth:

cos(θk) =
r0 cos(θ0)− δ cos(βk)

rk

= [r0 cos(θ0)− δ cos(βk)]
[
r20 + δ2 − 2r0δ cos(θ0)cos(βk)

]−1/2
. (A.4)

Plugging these definitions for each blade into the (1), one can estimate the impeller’s
Newtonian noise per unit mass.

A.2. Relevant approximations

In the following, we attempt to approximate the Newtonian noise to the first relevant order in
δ/r0. First, we expand 1/rnk by using (A.3), and factor out the term going as r20 + δ2:(

1
rk

)n

=
(
r20 + δ2

)−n/2 [
1− 2r0δ cos(βk)cos(θ0)

r20 + δ2

]−n/2

. (A.5)
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Next, we separate the higher-mode contributions of cos(βk) by using the generalized bino-
mial expansion:

(1− x)−s
=

∞∑
m=0

(
s+m− 1

m

)
xm, (A.6)

where the generalized binomial coefficient is evaluated to be
( n
m

)
= n(n− 1)(n−m+ 1)/m!.

Expanding A.5 by identifying x in (A.6) with the cos(βk) term yields:

(
1
rk

)n

=
1
rn0

[
1+(δ/r0)

2
]−n/2

×
∞∑
m=0

(
m+ n/2− 1

m

)[
2cos(θ0) (δ/r0)

1+(δ/r0)
2

]m
cosm (βk) .

(A.7)

We observe that the leading term accompanying cosm(βk) is proportional to (δ/r0)
m. This

is relevant because the symmetry of the impeller implies that only harmonics of the number
of masses nb will ultimately contribute to Newtonian noise, therefore resulting on suppression
of the noise with increasing number of impeller blades. We can prove this fact by looking at
the Fourier expansions for the powers of cos(x):

cosm (x) =
1

2m−1

m∑
k=⌊(m+1)/2⌋

(m
k

)
cos [(2k−m)x] (A.8)

for odd values of m, and

cosm (x) =
1

2m−1

m∑
k=(m/2)+1

(m
k

)
cos [(2k−m)x] +

1
2m

(
m
m/2

)
for even values of m.

If we add the contribution of all the masses of an impeller, we note that only harmonics of
the number of impellers nb do not cancel each other out, since

nb−1∑
k=0

cos [n(β+ 2π k/nb)] = Re

{
exp(inβ)

nb−1∑
k=0

[exp(2πin/nb)]
k

}

=

{
nb cos(nβ) for n/nb ∈ Z,

0 for n/nb /∈ Z.
(A.9)

Therefore, the contributions from an impeller of nb masses will go as a sum of
cos(nbβ),cos(2nbβ), . . . In general, an impeller of nb point masses will have its lowest order
nonzero contribution be proportional to (δ/r0)

nb cos(nbβ), coming from the Fourier expansion
of cosnb(βk).

A.3. Expansion of the monopole term

Expanding the entire summation in (1) in a general way is very challenging. However, it is
possible to learn more about the nature of the Newtonian coupling by looking at an expansion
of the monopole term to the first relevant order on (δ/r0).

11
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Gcos(θk)r
−2
k = Gr0 [cos(θ0)− δ cos(βk)/r0]r

−3
k

= G [cos(θ0)− δ cos(βk)/r0]

{
r20
[
1+(δ/r0)

2
]3/2}

×
∞∑
m=0

(
m+ 1/2

m

)[
2cos(θ0)(δ/r0)

1+(δ/r0)
2

]m
cosm (βk) . (A.10)

Note that the term [cos(θ0)− (δ/r0)cos(βk)] selects adjacent terms in the expansion. This
term represents the competing effects of an impeller blade approaching the center of mass of
the cylinder (which increases the axial gravitational force) and the one moving from the axis
of symmetry of the cylinder (which decreases the axial gravitational force).

As discussed previously, when we add the contribution from all the nb impellers, the first
term of the expansion that does not cancel goes as cosnb(βk). To lowest order in δ/r0, the
monopole contribution of the kth impeller mass to the axial acceleration is given by:

G

r20

[(
nb + 1/2

nb

)
2nb cosnb+1 (θ0)−

(
nb − 1/2
nb − 1

)
2nb−1 cosnb−1 (θ0)

](
δ

r0

)nb

cosnb (βk) .

(A.11)

We can simplify (A.11) with the identity:(
nb + 1/2

nb

)
=

(2nb + 1)!!
2nbnb!

. (A.12)

After adding all the impeller blades:

nb ·G
r20

[
cos(θ0)

2

]nb−1 [
(2nb + 1)!!

nb!
cos2 (θ0)−

(2nb − 1)!!
(nb − 1)!

](
δ

r0

)nb

cos(nbβ) . (A.13)

Finally, this first order approximation to the monopole term, (A.13) becomes zero at θ0 =

arccos
[
(nb/2nb + 1)−1/2

]
.
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