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Seismic Newtonian Noise m

m Perturbation da(xp) [m/s?/Hz] in the gravitational acceleration or total Newtonian Noise da(xg) at the mirror position xg
due to the seismic displacement field a(x).

{‘Fat[}{gﬁt) — —?Dérjﬁ(}{g,t)

— —G’/ﬁ p(x,t)Vo (u(x,t) - x(x,x0)) dv

= -G / p(x,t)Vox(x,%X0) - u(x,t)dwv

= +G/ H p(X, 1) (I — 3e; ®er)u(x,t)dv
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K —X()

with e, = and x(x,xgp) =

lx—x0 3"

m Bulk contribution to the total Newtonian noise:
san(xo.t) = —G | x(x.x0)V - (p(x. Ou(x,) dv
J Q)

m Surface contribution to the total Newtonian noise:

das(xp,t) = +G‘/fx(x,x@p(x,t)u(x,t)-n(xjt)da E ]



Seismic Newtonian Noise
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m ANNA Newtonian Noise Analysis is a toolbox that computes Newtonian Noise from a seismic wave field.
m Finite element formulation based on the functionalities of the Stabil toolbox.
m Implementations available in MATLAB, GNU Octave and Python.
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Seismic Newtonian Noise

m Total Newtonian Noise da (xp) at the mirror position xy due o the seismic displacement field a(x):

Sa (x0) = ZG / / / L (1 e ) (€) det(3°(€)) déa s dy

1—=1-1

m Gaussian quadrature with n Gauss points with local coordinates &, and weights w;:

T e

dat (}{{]) ~ Z

e—1

Pe

— x|

+ (I3 — 3e; ® e;) N°(&;) det(3°(;))

Ne
u® = E Afu® =Au
e—1

B The 3 x 3n matrix A{ yields the contribution of the nodal displacements u“ of element e to the total NN.

B Element matrices Af are assembled in a matrix A¢ of dimension 3 x 3N, with NV the number of nodes in V.
m A. is independent of the seismic wave field Gi(x) and needs to be computed only once (post-processing).

m Similar procedure is followed for the bulk (matrix Ay ) and surface (matrix As) contribution (not shown).

(11)
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Seismic Newtonian Noise

m Plane P-wave in a homogeneous full space:

m Total Newtonian Noise inside a cavity with radius ro [Harms (2019)]:

1 (kpr 1(kp R
.}1( p}’[}) jl( P )) fl(}{{])
kT o R

Sai(xo) = SmpG (

with 71 (x) the spherical Bessel function of the first kind of order 1.
m Newionian Noise for a full space and a cavity with radius rq:
J1 (kp'r[]) .

lim dai(xo) = 8mpG u(xop)
R— 00 kpro

u(x) = exp(—ikpeg - x)eg

(14)

(13)




Seismic Newtonian Noise m

m () u,(x) at 5 Hz of a plane P-wave with unit amplitude propagating in the direction e 0} in a full space

with Cs = 2500 m/s, Cp, = 5000 m /s, and p = 2800 kg /m>;
(b) FE mesh with R = 2000 m for NN calculation on a mirror in a cavity with centre xg and radius rog = 20 m.
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B Finite element mesh criteria:

C1: The domain radius R must be large enough to approximate the infinite medium solution.
C2: The element size [ should be sufficiently small to well resolve the propagating waves.
C3: FE mesh refininement near cavity to capture the strong spatial variation of the kernel 1/||x — x0ll°.



Seismic Newtonian Noise

Re(dag,) [m/s?]

m (a) Real part of the total NN da¢.. (x0,w) computed analytically (=) and with the numerical model (——), as well as the
pbulk (==== and ====) and surface contributions (= == and = = =). (b) Relative error £, (w) on the total NN.
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Seismic Newtonian Noise
Validation: Rayleigh wave

m Homogeneous halfspace with test mass at a height ~ = 20 m above the free surface.

X0




Seismic Newtonian Noise
Validation: Rayleigh wave

m Seismic displacements (a) u..(x) and (b) @ (x) at 5 Hz.
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m (a) 3D FE mesh tailored for the homogeneous halfspace with test mass above surface and (b) 2D mesh visualization.
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Seismic Newtonian Noise m

m Newtonian noise for a Rayleigh wave in a halfspace with test mass at a height ~ m above free surface [Harms (2019)]:

vag(xo) = 2mGpyexp(—krh) (iex —e.)exp (—iky -X0) (16)

kﬂtl_\/kszkzs)
ikzp—kra/kzp/kzs
m (a) Real part of the total Newtonian noise day. (xo,w) for a Rayleigh wave in a halfspace with a test mass at a height

h = 20 m above free surface computed analytically (====) and with the numerical model (=), as well as the bulk (====
and ====) and surface contributions (=== and = = =). (b) Relative error <. (w) on the total Newtonian noise.
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ANNA Workflow

B Generated in Gmsh.

m Enforces the three mesh criteria.

m Supports linear and quadratic
tetrahedral and hexahedral
elements.
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m Computed on a coarser mesh and
iInterpolated, or

m Evaluated directly at FE mesh
nodes.

m Siored as u(w) (3N x 1).
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1000 ~— ~1000
T [1]'1] 2000 -2000 Y [111]

2. Seismic wave field 3. NN computation

m Input: FE mesh, p, xq

m Assemble NN matrices (asmnn.m):
At; Ab, AS (3 X BN)

m Compute NN acceleration:

daj(w) = Aja(w)
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Layered geology

B Dynamic soil characteristics:

Layer h Cs Ch p
[m] (m/s]  [m/s]  [kg/m?]

5.7 165 385 1950
10.2 270 445 2250
18.9 335 685 2500
58.2 1240 2810 2800
o0 2430 4050 2800

Ok~ WM =

m Spherical cavern of radius ro = 20 m at 250 m depth.
0
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w200

300

300 -200 100 0 100 200 300 T
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Layered geology m

Seismic wave field

m lllustrative example: (a) 1. (x) and (b) . (x) at 10 Hz of a plane P-wave with incident angle ¢ = 45° in the layered

halfspace.
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Layered geology
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Layered geology KU LEDVEN

m For atailored mesh in [ finin » fmax] the required domain size varies from R,,in fOr fimax, 10 Rmax fOr finin.
m Both scales are combined in a single distance-dependent discretization.

R min R max
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Layered geology

m The NN operator is assembled separately for each layer mesh.

m The contribution of each layer to the total Newtonian noise is quantified

m (a) Real part and (b) imaginary part of the contribution of each layer to the total NN dat.(x0,w), due to a plane P-wave
with incident angle ¢ = 45°.
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Summary and Outlook KU LEDvEN

* The ANNA toolbox efficiently computes Newtonian Noise from 3D seismic wave fields using a finite
element formulation.

* The implementation was verified against analytical solutions and is available in MATLAB and
Python.

* The methodology has been extended to account for layered geology with a consistent
computational strategy.

* The approach will be applied to 3D geology model once available.

A
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Cavern Wall Newtonian Noise Coupling

For small caverns (with respect to the seismic wavelenght)

A7

one can derive analytical approximations for NN coupling 5§SCA £ — G CSCA - A
of mirror acceleration and seismic displacement: low ( 70; ) 3 PO f( Vs )
1 0 O 0 O % 0 O
0O 0 1 1 o0 1 1
0 . 6 3

relevant laser axis Ag



Cavern Wall Newtonian Noise Coupling
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Coupling elements inside different caverns

a) Sphere R=10m [cut through cavern center]
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ANNA mesh examples

— Validation of cavern wall
effects in ANNA:

1. embed in homogenous
space (R=2000m)

2. choose simple cavern
geometries

3. choose simple seismic
fields (P- and S- waves)

- Analytical results
for comparison available

102

mesh nodes

=
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1 []'[]

For both the surface integrals and dipole description:
dense meshed around cavern needed
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Validating numerical tools against analytic solutions

J

da [relative coupling strenght]

a [relative coupling strenght]
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Validating numerical tools against analytic solutions
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ANNA example for two mirrors in corner caverns

Testing ANNA: for

Incoming S-wave at ET -
corner cavern walls
1,00 X107
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Summary and Outlook Q)

* We extensively validate numerical NN software:
* very good agreement with analytical theory for NN accelerations
in all scenarios checked so far = confidence in future results
* both leading and higher order effects: resolved very well
* both modeling approaches: “dipole” and “bulk + surface” consistent

— allowing for cross-check of mesh quality even without analytical results
* NN response can significantly depend on local geometry close to the mirrors

* Ongoing work towards ET Symposium Aachen: EMR NN modeling with 3D model including
geology, recent caverns models and topography

A
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