
 

Newtonian noise mitigation by using mini

Since SOGRO is a very sensitive gravity strain gauge, one may be able to employ scaled

down SOGROs, in place of a large array of seismometers, to 

Newtonian noise (NN) affecting the interferometer test masses.  Here we 

ity of mitigating the NN in interferometers by using mini

Principle of NN mitigation 

Rayleigh waves are expected to dominate the NN 

wave traveling along a direction with an angle 

a (free) test mass at height z above the ground along 
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accounts for partial cancellation for NN from surface displacement, 

the speed of waves at the ground level

the test mass along the direction of 

In the presence of a GW and Rayleigh waves, the 
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where X(ω, xi) and Y(ω, yi), i = 1, 2, 

NN-induced displacements along the 

summed over multiple waves, 

position xi and yi, respectively.  

Rayleigh wavelength becomes λ
causing X(ω, xi) and Y(ω, xi) to be 

uncorrelated with one another.  Hence we 

measure X(ω, xi) or Y(ω, xi) for each test mass by 

using a separate mini-SOGRO co

as shown in Fig. 1. 

The strain tensor that a mini

can be shown [3] to be 
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very sensitive gravity strain gauge, one may be able to employ scaled

down SOGROs, in place of a large array of seismometers, to directly measure and remove

affecting the interferometer test masses.  Here we investigate the possibi

of mitigating the NN in interferometers by using mini-SOGROs with arm-length 

are expected to dominate the NN at f ~ 10 Hz [1].  We consider a Rayleigh 

wave traveling along a direction with an angle ψ with respect to the x axis.  The displacements of 

above the ground along x, y, and z are given [2, 3] by
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) is the vertical displacement directly beneath the test mass, γR ≈ 0.83 is a factor that 

accounts for partial cancellation for NN from surface displacement, cR ≈ 250 m/s 

the speed of waves at the ground level and underground, x’ ≡ x cos ψ + y sin ψ 

the test mass along the direction of wave propagation, and ρ0 is the mean mass ground 

In the presence of a GW and Rayleigh waves, the interferometer measures 
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= 1, 2, represent the 

induced displacements along the x and y axes, 

 at the test mass 

.  At 10 Hz, the 

λR ~ 25 m << L, 

to be completely 

.  Hence we need to 

for each test mass by 

SOGRO co-located with it, 

The strain tensor that a mini-SOGRO detects 
Fig. 1.  Four mini-SOGROs collocated with four 

test masses of a laser interferometer. 
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length l << L.   
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0.83 is a factor that 

250 m/s and 3.4 km/s is 
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test masses of a laser interferometer.  
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By comparing Eq. (3) with Eq. (1a), we find  
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where h13(ω) was ignored since it is completely dominated by the NN.  Therefore, the NN in the 

interferometer test mass along the x (y) axis could in principle be mitigated by co-locating a 

mini-SOGRO with it (see Fig. 1), and correlating the 13- (23-) component of the mini-SOGRO 

with the interferometer output and subtracting the correlated part.   

We solve Eq. (5) for X(ω) and substitute it into Eq. (2) to obtain 
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The sensitivity required for mini-SOGRO to recover h is then given by 
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where the numerical factor came from the 

incoherent sum of the noise in the four 

mini-SOGROs.  Figure 2 shows the sensi-

tivity goals of Advanced LIGO (aLIGO) 

and Einstein Telescope (ET) [1].  The 

shaded region represents the parameter 

space dominated by the NN.  A worthy 

mitigation goal for aLIGO would be re-

jecting the NN by a factor of 5 to 2 × 

10
−23

 Hz
−1/2

 at 10 Hz.  With L = 4 km, Eq. 

(7) yields h’ = 2 × 10
−20

 Hz
−1/2

 at 10 Hz.    

To be able to mitigate the NN by us-

ing this correlation method, the SOGRO output must be highly correlated with the NN-induced 

displacement of the test mass.  The mitigation factor S is related to the correlation between the 

sensor and the test mass, CSN, [1] as  

21

1
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S
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To achieve S = 5, one needs CSN = 0.98.  This requires l ≤ 0.8 m and each SOGRO must be lo-

cated within 0.8 m of the interferometer test mass [4].  Such a small SOGRO would hardly have 

enough sensitivity and could not be brought to such proximity to the interferometer test mass. 

 

Fig. 2.  Sensitivity goals of aLIGO and ET.  The shaded 

region is dominated by the NN.  
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Two mini-SOGROs symmetrically located 

We consider the possibility of locating two 

larger baseline mini-SOGROs symmetrically on 

the opposite sides of each test mass and averag-

ing out the uncorrelated parts.  Figure 3 shows 

the four test masses of the two mini-SOGROs on 

the horizontal plane at the same z as the interfer-

ometer test mass M.  For simplicity, the four ver-

tical test masses are not shown.   

We choose the origin to be at M.  Then, the 

NN-driven displacement of M along the x axis is  
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where k ≡ ω/cR.  The 13-components of the mini-SOGRO 1 and 2 response are given by   
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where x’ij and zij are the x’ and z positions of test mass ij.  From Fig. 3, we find 
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Substituting Eqs. (11) and (1) into Eqs. (10), we obtain the response of mini-SOGRO 1 and 2: 
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The sum over the two mini-SOGROs becomes 
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Surprisingly, the horizontal axis terms cancel out and only the vertical axis terms contribute. 

 

Fig. 3.  Four mini-SOGRO test masses surround-

ing an interferometer test mass. 
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Now, we superpose Rayleigh waves coming from all directions, ψ ∈ (0, 2π).  Equations (9) 

and (13) are modified into 
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In the limit kl/2 << 1 (small l),  
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and the correlation between X(ω) and Y(ω) approaches unity, as expected.   

The correlation between the double mini-SOGRO and interferometer test mass is given by 
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Substituting Eqs. (18) and (19) into Eq. (17), we obtain 
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where ξ(ψ,ω) is a function of ψ with random amplitude and phase.  Equation (20) shows that the 

phase does not contribute to CSN.   

Figure 4 shows CSN computed as a function of 

kl.  In order to obtain CSN = 0.98, we need kl ≤ 

2.4.  At f = 10 Hz, k = 0.25 m
−1

 and l ≤ 9.5 m.  

Therefore, the uncorrelated parts of the NN could 

indeed be averaged out by symmetrically located 

mini-SOGROs with a larger baseline (9.5 m in-

stead of 0.8 m for S = 5). 

 

Fig. 4.  Correlation between the double mini-

SOGRO and interferometer test mass versus kl. 
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Table 1 shows detector parameters that 

could meet the SOGRO sensitivity require-

ment.  Each test mass weighs 1.5 tons and 

the baseline is 4 m.  It would be sufficient to 

cool the test masses to 4.2 K, as long as the 

SQUIDs are cooled separately to 0.1 K to 

reach the required noise level of 10h.  A 

white noise level of 10h at 0.1 K has been 

demonstrated by using a two-stage dc 

SQUID [5].  The Q requirement for the test 

masses is modest.   

The intrinsic noise spectral density com-

puted for these parameters is plotted in Fig. 

5.  The total detector noise at 10 Hz is 2 × 10
−20 

Hz
−1/2

, satisfying our requirement for S = 5. 

A single mini-SOGRO located under each test mass 

We could avoid the complexity of using two mini-SOGROs for each 

interferometer test mass, if a mini-SOGRO could precisely be co-located 

with each test mass.  We could further simplify it if we could dispense 

with the two test masses that measure the relative vertical acceleration 

induced by h’13 and h’23.   

Due to nonlinearities in the superconducting circuit, vertical reso-

nance frequencies of levitated superconducting test masses remain high (≥ 

1 Hz).  In principle, the superconducting negative spring that has been 

demonstrated with SGG [6] could be applied but the actual implementa-

tion would be very challenging.  Normally, the angular response of the 

two test masses on the horizontal arm and that of the two test masses on 

the vertical arm are differenced to reject the CM angular acceleration of 

Fig. 5.  Detector noise of a 4-m SOGRO cooled to 4.2 

K and coupled to a 10h SQUID.   

Table 1.  Proposed detector parameters and detector noise of mini-SOGRO. 

Parameter SOGRO  Method Employed  

Each test mass M 1.5 × 10
3
 kg Nb square tube 

Arm-length L 4 m Over a rigid platform 

Antenna temperature T 4.2 K Liquid helium or cryocooler 

SQUID temperature TSQ 0.1 K He
3
/He

4
 dilution refrigerator 

DM resonance frequency fD 10
−2

 Hz Magnetic levitation 

DM quality factor QD 10
7
 Surface polished pure Nb 

Pump frequency fp 50 kHz Tuned capacitor bridge transducer 

Amplifier noise number n 10 Nearly quantum-limited dc SQUID 

Detector noise Sh
1/2

(f ) 2 × 10
−20 

Hz
−1/2

 Computed at f = 10 Hz 

 

 

Fig. 6.  A single-arm 

mini-SOGRO located 

under each test mass.   
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the platform.  If the platform could be sufficiently well isolated from the seismic noise of the 

ground, one would not need such differencing.  Figure 6 shows a single-arm mini-SOGRO locat-

ed under each interferometer test mass.   

The platform could be suspended as a pendulum from its mid-point.  Under such suspension, 

the platform would be completely isolated from the ground tilt.  By keeping its angular reso-

nance frequency about the z axis to 1 mHz, the angular acceleration about the z axis would be 

isolated by 10
8
 at 10 Hz.  A typical seismic noise level at shallow depth (~10 m) is ~10

−7
 m s

−2
 

Hz
−1/2

 [7].  To reach the intrinsic noise level of 2 × 10
−20 

Hz
−1/2

, the linear acceleration noise must 

be rejected by 10
10

 at 10 Hz.  The mini-SOGRO could be designed to have a total CM linear ac-

celeration rejection ratio of 10
10

.   

There is concern that the underground cavity which houses the mini-SOGRO may cause 

Rayleigh waves to scatter in a way that produces NN signals for the SOGRO test masses that are 

not completely correlated with the NN that affects the interferometer test mass [4].  This problem 

needs to be studied.      
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