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Cosmic Explorer is a proposed third-generation gravitational wave observatory that will offer an
order-of-magnitude improvement in broadband sensitivity over current gravitational-wave detectors.
This leap in sensitivity results primarily from upscaling the LIGO arm length by a factor of ten.
With its 40 km-long arms, Cosmic Explorer will detect gravitational wave sources from across the
universe that remain unresolved by existing detectors. Selecting an optimal site for the observatory
is both critical and challenging. Cosmic Explorer requires significant land clearance to host a
detector of its scale, as well as minimal sources of ambient noise to achieve its high sensitivity.
We present a Python-based workflow that integrates Geographic Information Systems (GIS) with
publicly available national datasets on land ownership, transportation lines, and anthropogenic
noise sources such as wind turbines and active mines to automate remote analysis of potential
sites. Preliminary runs of our workflow evaluated nearly 6,000 sites in the contiguous United States
that could physically host a 40 km interferometer, eliminated thousands of those due to limited
land availability or proximity to noise sources, and identified a few hundred most promising for
eventual on-site testing. This approach is scalable and cost-efficient and can be further developed
to include additional site evaluation criteria, ultimately accelerating the site selection process for
Cosmic Explorer.

I. INTRODUCTION

Current gravitational wave detectors are limited in
their sensitivity by the length of their interferometer
arms. Since the amplitude of a passing gravitational wave
is characterized by the strain or the fractional change in
arm length it induces, increasing the arm length increases
the strength of the signal relative to noise sources [1].
The sensitivity of a gravitational wave detector is there-
fore positively correlated with its arm length.

In spite of the constraints on their sensitivity, cur-
rent ground-based gravitational wave detectors have been
widely successful, enabling the first observation of a bi-
nary black hole merger and a coalescing neutron star and
establishing gravitational wave astronomy as a novel way
of observing the universe [2, 3]. The next step in the
advancement of ground-based gravitational wave astron-
omy would then be to improve the sensitivity of this cur-
rent, proven technology. With an order-of-magnitude in-
crease in arm length over the Advanced LIGO detectors,
the proposed third-generation Cosmic Explorer observa-
tory will be ten times as sensitive as Advanced LIGO,
offering this improvement in sensitivity [4–7].

Much like Advanced LIGO, the Cosmic Explorer con-
cept consists of two L-shaped observatories at two widely
separated locations in the United States, where each of
the observatories will house a Michelson interferometer.
However, while the LIGO interferometer consists of two
4 km-long arms, Cosmic Explorer will consist of one de-
tector with 40 km-long arms and another detector with
20 km-long arms [4].

Although this extension of the arm length is the main
reason for its order-of-magnitude improvement in sensi-
tivity over current detectors, choosing a site most suitable
for an observatory of its scale is also uniquely challenging.

While many locations in the United States can topologi-
cally and geologically host 20 and 40 km detectors, it is
important to choose a site with minimal ambient noise.
Gravitational waves are detected by measuring displace-
ments on the order of 10−19 m in the interferometer arms,
and ambient noise can therefore obscure these minute dis-
placements and limit the sensitivity of Cosmic Explorer
[7, 8]. There are several sources of ambient noise:

(1) Ground motion such as seismic activity can cause
the detector parts to vibrate and result in detector noise.
It can also lead to fluctuations in the local gravitational
field, generating what is known as local gravity noise.
Seismic noise in the 1-30 Hz range can potentially couple
into the detector mechanically. In general, the best sites
for Cosmic Explorer are those with low ground motion
across the 10 mHz to 30 Hz frequency band.

(2) Acoustic noise couples into the detector through
direct modulation of the vacuum envelope and the asso-
ciated motion of the detector components, which in turn
modulates scattered light within the detector. In addi-
tion, acoustic waves can change the air pressure near the
detector and cause fluctuations in the local gravitational
field to introduce local gravity noise. The current sensi-
tivity model for Cosmic Explorer assumes typical ambi-
ent acoustic levels of 1 mPa/

√
Hz [4]. To properly assess

the suitability of a potential location, we must evaluate
the ambient acoustics of the site.

(3) Electromagnetic noise can interfere with Cosmic
Explorer’s sensitive frequency band; radio frequency in-
terference can disrupt the modulation and demodulation
techniques used for controlling Cosmic Explorer’s inter-
ferometer.

(4) Environmental factors include weather conditions
such as wind and thunderstorms and anthropogenic
sources such as vehicles, air traffic, and rail lines, both
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of which can induce noise. It is critical to study seasonal
weather changes over year-long timescales, as well as to
investigate the susceptibility of potential sites to natural
disasters such as earthquakes and hurricanes.

Preliminary evaluation of Cosmic Explorer sites began
in the mid-2020s [5]. Prior work has involved a national-
scale suitability analysis using GIS. Thousands of sites
in the United States have been identified that can physi-
cally fit a 40 km L-shaped interferometer using a geomet-
ric algorithm that integrates 91 different social, cultural,
physical, and scientific parameters. The various poten-
tial sites are then scored based on a cost function that
incorporates the geology, geography, and topography of
the land. The results of this analysis produce clusters of
potential detector configurations within promising areas
of interest in the United States [9]. Fig. 1 shows such a
cluster.

However, a national-scale suitability analysis does not
account for data at the site-specific level [9]. For exam-
ple, a 40 km observatory requires extensive land clear-
ance, and many of the identified configurations intercept
buildings or transportation lines at various points along
the beam tubes.

Given the large number of candidate sites that have
been identified in prior site selection stages, conducting
field surveys at each of the sites to evaluate noise levels
and ensure significant stretches of land clearance would
be both resource-intensive and time-consuming. Initial
attempts at a remote approach involved visual identifi-
cation of noise sources and land availability using satellite
imagery. However, a significant challenge with this ap-
proach was the manual, repetitive, and cumbersome na-

FIG. 1. Potential configurations of the 40-km L-shaped
detector at a candidate location in Colorado shown in red.
Many such locations have been identified around the United
States, with hundreds of similarly clustered configurations.

ture of the work and the great potential for human error.
Therefore, it is critical to develop a scalable, automated
approach to remotely identify noise sources and survey 40
km of land clearance at the site-specific level. This will
allow for the identification of a few sites that seem most
promising in meeting or exceeding Cosmic Explorer’s tar-
get sensitivity. These candidates will then be evaluated
on-site using seismometers, magnetometers, and micro-
phones.

II. METHODS

A. Parameters for Site-Level Analysis

In our analysis, we focus on sites for the 40 km Cosmic
Explorer observatory. Given the scale of a 40 km facility,
sufficient land availability is both a major consideration
and challenge. Having more land owners in the vicinity
of a potential site would require greater negotiation [9].
Buildings are therefore best avoided. However, a 40 km
L-shaped configuration in most parts of the United States
is likely to intercept a building along its 40 km length.
Vehicles, rails, active mines, and wind turbines can

introduce noise both seismically and acoustically, while
power lines can introduce electromagnetic noise. It is
therefore important to consider the prevalence of these
anthropogenic sources of noise around a site, particularly
close to the three end stations (namely the X-end, Y-end,
and corner stations) which are most sensitive to ambient
noise.

B. Approach

For our analysis, we were provided with Keyhole
Markup Language (KML) files from the national suit-
ability study. KML is a geospatial data format used
to encode geographic features and their coordinates and
attributes, allowing visualization and analysis on GIS
platforms. Each KML contained a collection of 40 km
polylines representing potential detector configurations
within an area of interest, with the two detector arms of
each site defined as distinct line features. The files also
included extended metadata fields such as arm length,
opening and rotation angles, and site-specific suitabil-
ity metrics including elevation, tilt, and total composite
score.
Since the inputs for our analysis were KML files, em-

ploying a GIS platform for site-level evaluation was the
most natural choice. GIS platforms are well suited
for remote site evaluation owing to their integration of
remotely-sensed imagery with spatial datasets. We chose
ArcGIS as our platform for site evaluation due to its
geospatial analysis capabilities, native Python libraries
for scripting and automation, and the availability of di-
verse spatial datasets.
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FIG. 2. Depiction of a potential site (in red) showing the re-
gions for the identification of site evaluation parameters. The
circular regions around the three stations represent the area
that must be inspected for the prevalence of noise sources.
The rectangular extents enclosing the beam tubes show the re-
gions that must be surveyed for potential obstructions. Note
that the L shape shown is not a real potential site and the
depiction of the arm and extents is not to scale.

To implement our site evaluation workflow, we devel-
oped an Application Programming Interface (API) us-
ing the ArcGIS API for Python. We chose to develop
an ArcGIS API mainly because it allowed for web-based
sharing of maps within and between organizations via
ArcGIS Online, in addition to being substantially more
cost-effective than alternative proprietary GIS software.
Web-based sharing is a crucial feature given the size of
the Cosmic Explorer consortium.

Fig. 2 depicts the general approach to the identifica-
tion of parameters for site-level analysis. Looking for suf-
ficient land clearance involves specifying a clearance zone
around the 40 km beam tubes to identify any buildings
that are close to or intercept the arms of a potential site.
This clearance zone can also inspect for anthropogenic
noise sources such as active mines and wind turbines. To
estimate vehicular traffic and determine the prevalence
of power lines near the highly sensitive end stations, the
total kilometers of transportation and power lines within
a certain distance of the stations can be computed and
compared across sites.

C. ArcGIS API Workflow

Before explaining the pipeline for our API, we must
introduce and define certain terminology specific to GIS
platforms.

• A layer is a collection of spatial data that repre-
sents geographic features.

• Vector data is a way to represent spatial data using
geometric shapes such as points, lines, and poly-
gons. Thus, in the case of discrete geographic fea-
tures such as buildings and roads, a layer stores
vector data in the form of points and lines, respec-
tively.

• A grouping of similar geographic features is referred
to as a feature layer. For instance, all the buildings
in the United States would be stored in a feature
layer as vector data of points. A building feature
layer would then be called a point feature layer.

• A buffer is a geospatial analysis tool that defines a
polygon of a specified distance around a geographic
feature, allowing for analysis of features that are
within the buffer zone.

We designed a two-stage API workflow. A schematic of
the workflow is depicted in Fig. 3. The inputs to the API
are KML files containing several hundreds to thousands
of polylines representing various detector configurations
within a cluster. The KML files are first converted to
shapefiles (a file format for storing geographic data) and
then stored as line feature layers in ArcGIS Online.
The first stage of screening involves identifying and

eliminating configurations that intersect buildings within
the buffer zones. The API creates a rectangular buffer of
configurable width along each line feature to character-
ize the required land clearance zone, storing these buffers

FIG. 3. Schematic defining the workflow for the ArcGIS
API. KML files are taken in as inputs. Buffers are defined to
characterize clearance zones around each arm. New KML files
are exported after the first screening stage. Detailed results
are appended to CSV files.
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