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FINAL REPORT OF THE LIGO SITE SELECTION WORKING
GROUP

Jeff Livas, Peter Saulson, Bob Spero, Kip Thorne
MIT and Caltech, 24 August 1987

The primary goal of our site selection working group has been to iden-
tify and quantify the scientific issues relevant to the selection of a pair of
sites for the Laser Interferometer Gravitational Wave Observatory (LIGO).

This final report is organized into three sections plus appendices.
Section I describes the scientific issues that we have identified and stu-
died, and our conclusions about them. Section II discusses the implica-
tions of these issues for specific sites, with emphasis on Edwards Air Force
Base California, Columbia Maine, INEL Idaho, and LSU Louisiana. Section III
summarizes our recommendations. Backup information, including the
detailed justification for a number of assertions made in the body of the
report, is relegated to Appendices.

I. THE SCIENTIFIC ISSUES

A. The Observables

The LIGO project is not just a single experiment. We anticipate that,
after the initial discovery of gravitational waves, the LIGO will be used as
the pioneering observatory to launch a new branch of astronomy. It
therefore is important to understand exactly what is observable and how
to connect the observables with quantities of astrophysical interest.

The observables are the time series AL;(t)/L; which represent the
fractional path length differences as a function of time for the various
antennas (labeled 7). We shall also regard as observables the time delay
between gravity-wave arrivals at each pair of antennas, A¢; ;, which one
infers by comparing the time series AL;(¢)/L, and AL;(t)/L;.

For a periodic or burst source the full information available at earth,
all of which is astrophysically important, is contained in two numbers, the
direction (8,¢) from the earth to the source, and two dimensionless func-
tions of time, h.(t) and h,(t), which represent the waveforms of two
orthogonal polarization states + and x. For a stochastic background the
full information available is contained in two functions of frequency f,
and direction (8,9): A.(f.0,¢) and A.(f.6,¢), which represent the square
roots of the spectral densities of h, and k., and which have dimensions
Hz~% however, on theoretical grounds it seems highly unlikely that the
background will be polarized (that A, will differ from A4) and somewhat
unlikely that, in the frequency band of earth-based detectors f 210Hz, it
will be direction dependent, i.e. anisotropic. Thus it is that one normally
characterizes the background by a single function of frequency, h(f) with
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dimensions Hz ™%

In its initial configuration of one detector at each of two sites, the
LIGO will provide observers with two time series AL ((t)/L; and ALy(t)/L>,
and from those series one time delay At;,. Regardless of where the sites
are located and how the detectors are oriented, these are insufficient data
from which to extract the full information available in gravitational-wave
bursts or in an anisotropic background (though, if the signal-to-noise is
high, they are sufficient for full information about periodic gravitational
waves; see discussion in Appendix E). Full information for bursts and for
an anisotropic, polarization-dependent background will require combined
data from at least four detectors and preferably four different sites (see
Appendix E), and thus — depending on the status of detectors elsewhere in
the world — will likely require a LIGO upgrade. Thus it is that our study of
site issues has focussed not only on the roles of the sites in the initial,
two-detector, gravity-wave search configuration (Subsection B below), but
also on their roles in possible future upgrades (Subsection C below).

B. The Initial, Two-Site, Two-Detector Configuration

1. Goals

If we (and the world’s other groups) fail to discover gravitational
waves within five to ten years of LIGO turn-on, we may never get an
upgrade for further searching and may in fact all get shut down and the
field go dormant for a long time. Therefore, it is our view that the initial
LIGO configuration, including sites, must be one which comes close to
optimizing the probability of successfully discovering gravitational waves
— even though (see below) that may mean a significant reduction in the
amount of information extractable from the waves. To the extent, and
only to the extent, that it can be done without much compromising the
probability of discovery, the initial design should be adjusted to optimize
information extraction and optimize suitability for future upgrades. The
key phrase here is "without much compromising”. One’s interpretation of
"much” can significantly influence the choice of LIGO configuration,
including sites. After considerable calculation, thought, and discussion,
we have agreed that a reduction in amplitude signal-to-noise ratio o by
less than 10 per cent is an acceptable compromise of the probability of
discovery, if one thereby obtains a substantial increase in the informa-
tion extracted from the wawes or in suitability for future upgrades. For
reasons explained in Appendix A, some committee members regard a
reduction of ¢ in excess of 10 per cent as unacceptable.

2. Relative Orientation of the Two Initial Detectors

If gravitational waves are linearly polarized and the sources are iso-
tropic on the sky, then the overall signal-to-noise ratio ¢ in our two-
detector search will be maximized by choosing the detectors’ orientations
so as to maximize the overlap of their beam patterns. Stan Whitcomb
(1985) has determined by numerical experiments the resulting, optimal
orientation for an Edwards detector which is paired with ‘a Columbia
detector with the orientation dictated by Columbia topography (see
Appendix B for details), and Bernard Schutz and Massimo Tinto (1987, Fig.
12a) have replicated Stan’s conclusion. One can show that for Columbia-
Edwards, and for any other pair of sites in the contiguous United States
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(where the sites’ planes intersect at angles §<40 degrees), this optimal
orientation is well approximated by the following rule: When the fwo
detectors are projected onto the plane that bisects their two planes, the
directions of their legs should coincide, modulo rotations of 90 degrees.
We shall call this the “coincident-projection orientation”. It is optimal for
gravity-wave discovery because it makes the polarization states to which
the two detectors are sensitive as nearly the same as possible, indepen-
dently of the direction to the source. Of course, this optimality for
discovery is bought at the price of a near total loss of information about
the wave form in the other polarization state.

Deviations of relative orientation from coincident-projection can be
as large as 18 degrees, but no larger, if one is to keep the overall ¢ within
10 per cent of its maximum (our avowed goal), and no larger than 13
degrees if one is to keep ¢ within 5 per cent of its maximum.

One might worry that the overall ¢ would be more than 10 per cent
sensitive to the detectors’ absclute orientation relative to the line of
intersection of their planes, and that this might rule out the Columbia site
with its fixed orientation. Not so: Fig. 12(a) of Schutz and Tinto (1987)
shows that, for Columbia-Edwards (the largest separation feasible in the
contiguous United States), changes in absolute orientation affect the
direction-averaged rms o (essentially the square root of the quantity plot-
ted by Schutz and Tinto) at only the two per cent level; and one can show
analytically that, for sources in directions that give the optimal o, changes
in absolute orientation affect ¢ only by fractional amounts of order
258%50.05, where fg.65radians=38degrees is the angle between the detec-
tors’ planes. Thus the absolute orientation is unimportant.

The above conclusions rely on the assumption of linearly polarized
waves. Massimo Tinto (1987a, and Appendix C of 1987b) shows that the
optimal relative orientation is essentially the same (coincident projec-
tion) for elliptically polarized waves as for linearly polarized waves, but
that the overall sensitivity ¢ is much less affected in the elliptical case by
deviations from coincident projection. On this basis, and because he
believes on general theoretical grounds that the strongest sources will
involve substantial rotation and will thus produce elliptical waves, Schutz
(private communication) has argued that we should consider not choosing
the coincident-projection orientation for our first pair of detectors. By
choosing, instead, the "45-rotated orientation” (projections of antennas
on bisector plane rotated 45-degrees to each other), one would obtain
good sensitivity to both wave forms A .(¢) and h.(t) and thus gain
significantly greater information from the waves, at the price of less than
10 per cent loss of o for typical elliptically polarized sources. We believe
that this suggestion relies dangerously much on the assumption of ellipti-
cal polarization. While elliptical polarization is theorists’ best guess for
the strongest of the sources, it is not a high-confidence guess; and if it is
wrong, the sources are likely to be weaker than otherwise, leaving us
desparate for every bit of sensitivity we can get. If we opt for the 45-
rotated orientation and the theorists’ best guess is wrong, then we will
have to live with an overall ¢ that is 40% less than we would have had with
the coincident-projection orientation — a dangerously large penalty in
view of the analysis in Appendix A. Thus it is that we strongly recommend
coincident-projection orientation.
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The above conclusions also rely on the assumption of isotropic
sources. The most reasonable alternative assumption is sources in the
Virgo cluster of galaxies. However, Schutz and Tinto (their Fig. 11a) have
shown for Edwards and Columbia that the Virgo-optimized relative orien-
tation differs by only 10 degrees from the isotropic-optimized,
coincident-projection orientation; and such a 10-degree difference affects
the overall ¢ by less than 5 per cent. For detectors closer together than
Edwards and Columbia, the difference between Virgo-optimization and
isotropic-optimization will be even less.

To conclude: In order to achieve an overall ¢ within 5 per cent of the
maximum for both Virgo sources and isotropically distributed sources, we
recommend the coincident-projection orientation to within an error box
of width +13 degrees centered on the average of coincident projection and
Virgo-optimized projections. The absolute orientation within this con-
straint is not important.
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3. Distance between the sites

It is important, for secure removal of non-Gaussian noise, that the two
sites be much father apart than the correlation lengths of various noise
sources that can affect the detectors. Some relevant correlation lengths
are listed in Appendix C. Likely disturbances that might give false coin-
cidences, such as tiny earthquakes or cosmic ray air showers, are strongly
correlated over distances of about one kilometer, but may have weak
correlations over much greater distances. Noise in electrical transmission
lines may be correlated over distances of order 150 km, though this is a
highly uncertain number and an unlikely source of false coincidences. We
suggest for safety that the separation between sites be constrained to
D »300 km, though this is a very flaky recommendation that deserves
further study if it becomes an important issue. (Below we shall argue for
D 22500 km in order to get good angular positions on sources.)

As the two sites are pushed farther and farther apart, the earth’s cur-
vature will force their antennas’ beam patterns to overlap less and less,
thereby reducing the overall signal-to-noise ratio ¢. In Appendix D it is
shown that, for sources distributed uniformly in space, half the sources
observed by a single detector will lie within an angle 6,=35 degrees of over-
head or underfoot. Within these regions the detector’s amplitude sensi-
tivity (beam pattern function) drops off with angle 6 from the vertical as
cosf. Correspondingly, for two antennas whose verticals differ by an angle
B. the overall sensitivity to a source which has vertical angles 6+B/20y at
one detector and 6—-8/256y at the other will vary with g as

a(B) . [cos?(8+):B)+cos?(8-1p) [* =1-1g2 (1)
a(0) [2cos?(6)]4 gr

This simple calculation shows that the loss of overall sensitivity due to the
earth’s curvature making the two detectors lie in different planes is

. D 2

Ac 152 D
~g8"=095 | Zz00km | - (2)

g 8
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where D is the distance between sites and 4200 km is the Edwards-
Columbia separation. Thus, in terms of beam-pattern overlap, all separa-
tions within the contiguous United States are acceptable.

When searching for a stochastic background via cross-correlation of
the output of the two detectors, the limits one can place on
Qew(f )=(energy density in gravitational waves at frequency f and in
bandwidth Af =f)/(energy density to close the universe) vary with D as
follows: (i) For D<c/f =(300km)(f /1kHz)"! the limits are independent of
D. (ii) For D 3¢ /f the limits become worse with increasing D as

Qawo VDT 4 f k D 4
QGW,O - 1000Hz 4000km

Here Qgwp is the limit obtained with the detectors a distance D apart; Qgw,o
is the limit with the detectors side by side. If we believed that stochastic
background is a moderately likely source for first detection, this would
suggest D not much larger than the minimum distance for decorrelated
noise at the two sites. However, (i) it seems to us very unlikely that sto-
chastic background will be the first source detected; and (ii) since the best
sensitivity of the LIGO detectors to Qg is likely to be at frequencies f <100
Hz (see Fig. 1.5 of our last joint proposal for the design study), it is likely
that the sensitivity to stochastic background will start falling off only at
D ~3000 km, and will fall off by only 10 - 20 % in Qg (5 - 10 % in amplitude)
for the Edwards-Columbia separation. Thus, we do not advocate con-
straining the distance D between sites on the basis of sensitivity to sto-
chastic background.

Since our primary goal of discovering waves is not significantly
affected by site separation, we are free to adjust the separation so as to
optimize the information gained from the waves. The primary influence of
separation is on the angular resolution obtainable from the time delay
between the sites: When the detectors have optimal relative orientations
(as we recommend), one can determine ®=("opening angle”’)=(angle
between source direction and line connecting detectors) to an accuracy

A@= c 1 0.5deg | 1000Hz || 4000km ||3
wfDsin® o  sin® f D

o

Here ¢ is the amplitude signal-to-noise ratio. If the waves are not linearly
polarized, this improvement with D will be limited by effects of the earth’s
curvature (no further improvement, but no debilitation) at
D xo~12,000km (i.e. A® is limited by Eq. (4) evaluated for D xg~12,000km).
This limitation is due to the fact that, even with optimal relative orienta-
tion of the detectors, the two detectors will be in different planes and thus
will measure different polarization states of the waves and thence will see
different wave forms. For burst sources, in order to be sure that a given
event is real and is not just Gaussian noise, one must have ¢35; and most
sources observed will be near the lower limit of 5. Correspondingly, for
burst sources whose polarization is not linear, the distance beyond which
further improvement in angular resolution ceases is D max=12000/52~2500
km. On the other hand, for linear polarization or if other detectors in the
world-wide net help provide details of both wave forms, the improvement
in angular resolution with increasing D will continue beyond D ,,x~2500
km.

(3)

(4)
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Taking all the above considerations into account, for optimization of
gravity-wave discovery via reduction of correlated noise at the two sites
we recommend a site separation D in excess of ~300km (a flaky limit that
deserves greater study if it becomes an important issue); and in order to
optimize the information gained from the waves we recommend 0 in the
range 2500 km to 4500 km.

4. Direction between the sites

So far as we can see, the direction between the sites (easterly, north-
erly, ...) has no significant impact on the probability of discovering gravi-
tational waves. However, direction can affect the accuracy of position
determination by a network of detectors. Since it seems fairly likely that
the Europeans will have one or more detectors working simultaneously
with the LIGO and conceivable that the Japanese will, it would be desirable
to choose a direction between the American sites which, combined with
that between America and Europe (and possibly between America and
Japan), gives optimal time-delay-determined angular resolution.

From the time delays for three sites one can constrain the position of
a source to lie within one of two error boxes. The error boxes are centered
on the actual direction 7 =(unit vector) to the source and the reflection '
of that direction in the plane formed by the site-to-site baselines; and they
have areas (in steradians) ‘ ‘

_ 4cRT,Ty
~Tax)nl ®)

where @ and § are the vector separations of sites 2 and 3 from site 1, and
the accuracy with which the time delays At, and Af, along these separa-
tions can be measured is 7, and £T,. From the discussion of timing
accuracy in the previous section one can infer that (i) for linearly polar-
ized waves, or for elliptic polarization with an adequate network of detec-
tors to determine both wave forms, the timing accuracies 7, and 7, will be
independent of site separations |@| and |5|; and (ii) for elliptically polar-
ized waves with little information about one of the wave forms, 7, and T,
will be independent of |d| and |6| out to distances |@|~2500 km and
|8|~2500 km, and thereafter will increase linearly with distance. Little or
nothing is lost in case (ii) if we optimize for case (i); and in this case the
size of the error box on the sky [Eq. (5)] is inversely proportional to the

following "Area Factor”
A M:_-__Ld_X%L , (6)
Re
where R g is the radius of the earth. For several interesting triplets of sites
(to be discussed in Sec. Il below) this Area Factor has these values:

AQ

Sites Ay

Edwards-Columbia-France 0.43
Edwards-INEL-France 0.15
Edwards-LSU-France 0.44
Columbia-INEL-France 0.37
Columbia-LSU-France 0.18

INEL-LSU-France 0.43
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Edwards-Columbia-Japan 0.85
Edwards-INEL-Japan 0.21
Edwards-LSU-Japan 0.44
Columbia-INEL-Japan 0.68
Columbia-LSU-Japan 0.60
INEL-LSU-Japan 0.56

Here France has been chosen as a geometric mean of Britain, France, and
Germany; INEL is the Idaho National Engineering Laboratory near Idaho
Falls, Idaho; and LSU is Louisiana State University in Baton Rouge; see Sec.
II below. Since AQx4,!, the larger the Area Factor is, the better. These
Area Factors suggest that one might think of LSU as a reasonable alterna-
tive to Columbia, and INEL as a reasonable alternative to Edwards; but INEL
is a poor alternative to Columbia, since Edwards-INEL-France gives a poor
Area Factor. We shall return to specific site comparisons in Sec. II below.

It is conceivable that, at the time the first two LIGO sites are operat-
ing, both the Europeans and the Japanese will also have operating detec-
tors, and conceivable that Perth will switch from bars to interferometers
(or that the Perth bar will give useful data) producing a Perth-America-
Europe combination. If so, to get optimal time-delay-based position
measurements for sources at all locations on the sky, and to optimally
distinguish between a source direction # and its reflection 7' in a 3-site
plane, we should have the maximum possible value for the "Volume Fac-

tor”
Vu =—l——'|‘d>;bz.6 : (7)
&

Here @, b, and & are the vector separations of sites 2, 3, and 4 from site 2.
Values of this Volume Factor for various site combinations are:

Sites Vi

Edwards-Columbia-Europe-Japan 0.07
Edwards-INEL-Europe-Japan 0.14
Edwards-LSU-Europe-Japan 0.16
Columbia-INEL-Europe-Japan 0.05
Columbia-LSU-Europe-Japan 0.19
INEL-LSU-Europe-japan 0.21
Edwards-Columbia-Europe-Perth 0.34
Edwards-INEL-Europe-Perth 0.11
Edwards-LSU-Europe-Perth 0.60
Columbia-LSU-Europe-Perth 0.09
Columbia-INEL-Europe-Perth 0.35
INEL-LSU-Europe-Perth 0.09

Note that with Europe and Japan, particularly good site pairs are
INEL-LSU, Columbia-LSU Edwards-LSU, and Edwards-INEL; while with
Europe and Perth, particularly good are Edwards-LSU, Columbia-INEL, and
Edwards-Columbia.

In view of the ranges of values of 4y that are achievable, we recom-
mend that the first two LIGO sites, together with Europe, be able to achieve
Au20.35. We also suggest a preference for large Volume Factors with
Europe and Japan or with Europe and Perth, though in view of the
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enormous uncertainty whether Japan or Perth will build full-scale inter-
ferometric detectors within a reasonable time frame, we regard this as a
weak preference.

5. Latitude of the sites

The Virgo cluster of galaxies is the closest concentration of matter at
a distance large enough that the number of sources per unit volume
approaches a constant. It is located near the celestial equator, and there-
fore sites which have the celestial equator near the zenith (sites near the
earth’s equator) will have better sensitivity to Virgo’s gravity waves than
sites further north. Schutz and Tinto (1987, Figs. 8, 9, 10) have computed
for a source in Virgo the signal-to-noise ratio o.ys (square root of the
quantity they plot), rms averaged over source polarization and time of
day, as a function of detector latitude; and we have computed the signal-
to-noise ratio oo for optimal polarization and optimal time of day. Both
quantities vary with absolute orientation of the detector only by amounts
<5 per cent, and both vary with latitude over the United States as follows:

Site Latitude a/0Lsy
LSU 30.5 degrees 1.00
Edwards 35 degrees 0.96
INEL 43 degrees 0.90
Columbia 45 degrees 0.89

Thus, the preference for the more southerly sites is at the 10 per cent level
which some of us regard as significant, but just barely so — and that
preference relies on the rather uncertain assumption that the first
sources to be detected will be in the Virgo cluster.

As a generalization of these Virgo considerations, more northerly
detectors tend to get more intense coverage of a smaller region of the sky,
that near the poles; while detectors nearer the equator get less intense
coverage of a larger region of the sky, that near the celestial equator. Itis
not at all obvious to us which is preferable. Moreover, the effect is not
great: The the solid angles of sky, AQ, swept out by the antenna beam pat-
terns [zenith angles 6<6,235 degrees and (180 degrees—6)<#8,] for detec-
tors at different latitudes are

Site AQ%/‘!-‘IT
LSU 0.91
Edwards 0.94
INEL 0.85
Columbia 0.81

Detailed maps of the sky coverage of several pairs of sites in the U.S.
are presented in Appendix I. The most important feature of those maps,
from the viewpoint of site selection, is that they are so similar from one
_ pair of sites to another: they do not suggest a strong preference for any
pair or a strong rejection of any.

In summary, we do not regard the latitudes of the sites as a major
issue, though detection of the Virgo cluster suggests some preference for
more southerly sites. :
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6. Opening angle of detectors

Throughout the above discussion we have assumed, tacitly, that the L
at each of the initial sites will have an opening angle of 90 degrees. If we
were to plan for a German-type triangular system in a future upgrade at
either site, we should begin with an opening angle of 60 degrees. As we
shall discuss in detail in Sec. [.C.6 below, we believe that the 13% penalty in
sensitivity that would result from an initial opening angle of 60 degrees is
not justified by the savings to be made in a possible future upgrade; and
correspondingly we recommend initial opening angles of 90 degrees at
both sites.

C. Future Upgrades

1. Goals

To the extent that it does not compromise the probability of initial
discovery of gravity waves, the initial sites should be chosen so as to
optimize the possibilities for future upgrades. The upgrades would be
~aimed at improving significantly the detector sensitivities and/or increas-

ing the amount of information extracted from each wave.

The attractiveness of various upgrades will depend very much on the
status of detectors elsewhere in the world at the time of upgrade; and
since that cannot be predicted, we should be prepared for a number of
different possibilities. As an aid to sorting out these possibilities, we
examine qualitatively in Appendix E the information that can be extracted
with various numbers of detector-containing vacuum systems (henceforth
called ""L's") at various numbers of sites; and in Appendix F we make quan-
titative comparisons between two possible upgraded configurations (see
below for discussion). Here in the body of the report we discuss each pos-
sible upgrade with emphasis on two aspects: the likelihood that we will
face a situation where we will want to make that upgrade, and the
influence of our initial choice of sites on that upgrade.

2. Increase in arm length

The sole motivation for an increase in arm length beyond 4 km would
be to produce an increase in sensitivity. We might seek an arm length
increase if 4 km detectors fail to discover waves; but our probability of
getting the funds in that case seems so low that the committee believes we
should not let it influence our choice of sites. Once waves have been
discovered, then we would think it more attractive to upgrade in the direc-
tion of extracting full information from the waves than to increase the
arm length (see below). Only after there exists an adequate worldwide net-
work for full information extraction is an arm-length increase likely to
seem attractive (and it then would be most attractive for sources in the
frequency band where the signal-to-noise ratio ¢ scales linearly with
length). However, since that time may eventually come, we might wish to
consider arm-length expansion in our choice of sites.

Why might one increase the arm length rather than just build more
L’s? (i)'Adding a second L of length equal to the first increases the joint
signal-to-noise ratio ¢ by a factor V2, whereas if the noise sources hanging
us up were to scale down linearly with length, doubling the length would
increase o by a factor 2. (ii) On a sufficiently flat site, the cost of doubling
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the arm length will be less than that of building a new L with length equal
to the first.

If we one day choose to increase the arm length, only a very substan-
tial increase (say, a factor 2 to 10) is likely to be justifiable. Correspond-
ingly, sites that can accommodate future-expansion arm lengths of at
least 8 km are to be preferred over smaller sites, other things being equal;
but there is little preference for a site expandable to, say, 6 km over one
restricted to 4. Note, however, that there are very few sites which could
handle even 8 km, much less 40 km: It is our impression (we have not
checked it) that among those discussed above (Edwards, Columbia, INEL,
LSU) only INEL could handle 8 km; and among all the sites in the huge table
in Appendix H, only the Great Salt Lake Desert (Utah) can accommodate 40
km.

In view of the fact that we are more likely to want to upgrade by
adding a 3rd site and/or a 45-degree rotated L at an original site than by
lengthening the arms, and in view of the paucity of huge sites, with or
without existing infrastructure, we do not view arm length expandability
as a major consideration in site selection.

3. Addition of one L at only one of the original sites

Appendices E and F suggest (but it is not yet firmly proved) that the
most accurate way to get both wave forms h.(t) and h.(t) is to: (i) con-
struct two L's at the same site, oriented 45 degrees to each other, (ii) with
those L's measure the two time series AL (t)/L, and AL 5(t)/L, (iii) com-
bine those time series with a source position obtained with the help of
other L’s at two or more other sites, and (iv) from that combination
extract A (t) and h,(t). Correspondingly, we believe that, if the Europe-
ans and/or Japanese have provided the world-wide network with one or
more additional baselines with which to get direction information, our
first upgrade would be to add a second L at one of our original sites. Thus,
at least one of our original sites should be capable of accommodating a
second L, rotated 45 degrees to the first.

Note: A careful error analysis may reveal that a good solution for both
wave forms can be obtained with any network of single L’s which is
sufficient to give unambiguous positions. If that proves to be the case,
then there might not be any need to add a 45-degree L even at one site.
However, since the capability exists at Edwards (and at LSU and INEL), the
LIGO project will be prepared for either case.

4. Addition of one new L at each of the original sites

There are two circumstances under which one might have thought it
desirable to add a new L, rotated by 45 degrees to the first, at both of the
original sites:

(1) One might have thought this a good way to enhance one’s sensi-
tivity to both wave forms, h,(t) and h(t). Not so, we believe: Better ways
are these: (a) If a third site is being built to help with position resolution
(see above), it would be best to build its L rotated 45-degrees to the origi-
nal two, and add one 45-degree-rotated L at just one of the original sites.
(b) If a third site is not being built and if noise sources are scaling down
linearly in length (or as the square root of length), it would be cheapest to
build a 4xV2=5.7 km (or, if the site will permit, a 4x2=8 km) rotated L at
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one of the original sites rather than a rotated 4 km L at the both of the
original sites. Of course, the one longer L would produce less discrimina-
tion against non-Gaussian noise than the two 4 km L’s. However, we think
it very likely that for most sources there will be sufficient signal in the first
pair plus the rest of the world’s detectors to produce adequate non-
Gaussian discrimination.

(2) One might have thought that, if the rest of the world has not pro-
duced detectors, an attractive way "on the cheap” to acquire sensitivity to
both A .(¢t) and h4(t) and simultaneously get reasonable directional infor-
mation about a source’s direction 8,¢, would be (a) by building the original
sites far enough apart (say, Columbia and Edwards) that the angle between
their planes is reasonably large (8~38 degrees), (b) by upgrading with the
addition of new, 45-degree rotated L’s at both sites, and (c) by trying to
extract from the four Ls’ outputs the four quantities h,, Ay, 6, and ¢. In
fact, this is possible in principle. However, detailed calculations described
in Appendix F show that this "2-site, 4-L" method of getting the informa-
tion is significantly inferior to the “3-site, 4-L"* method advocated in part
(a) of the last paragraph — inferior in two ways: (i) it is a much less robust
method (see Appendix F for a detailed discussion of the difficulties); (ii)
even under the best of circumstances it is rather less accurate: discard-
ing all cases where the ratio of the weakest of the four signal strengths to
the strongest is less than 1/5, the two methods have the following average
accuracies:

20 ~ 520deg?x | 955E oé;rlifs
AQAY ~ 2350deg3x 6.(5)‘%1? i Oé.ggs for 2 sites, 4 L’s ; (8a)
VAQ ~ 53deg3x —211—2—]2 ,
0.3ms
AQAY ~ 540deg3x [ 58‘?" oé:;;fs : for 3 sites, 4 L's . (8b)

Here AQ is the size of the error box on the sky, A¥ is the uncertainty in the
instantaneous polarization angle, 6T, 2 is the accuracy with which the time
delay between the two sites can be determined from the observed time
series, 6SSR is the accuracy with which the amplitude signal strength
ratio can be determined for the four L’s, and the numbers correspond to
Edwards and LSU as the two sites which each have two L’s; and Edwards
with 2, Columbia and LSU with 1 in the 3-site method.

In summary, we think it very unlikely that a desirable upgrade will
entail new L’s at both original sites; and correspondingly, we do not recom-
mend constraining both sites to accommodate 45-degree rotated L’s.
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5. Addition of new sites

If the world-wide net, at the time of upgrade, is not capable of giving
full directional information (i.e. does not have three baselines with a rea-
sonably large Volume Factor V), then — in accord with the above discus-
sion and with Appendices E and F — we think it likely that we will want to
build a third site in the United States to enhance direction determination.
A fourth site would be attractive only if it were added outside the contigu-
ous United States, since those states lie so nearly in a plane that they can-
not produce by themselves a large V.

Accordingly, we recommend that our first two sites be so chosen as to
be able, by the addition of a third American site, to produce a large Area
Factor, 43 20.12. Our recommended limit of 0.12 is based solely on the fol-
lowing range of values that is readily achievable:

Sites Ay

Edwards-Columbia-LSU 0.14
Edwards-INEL-LSU 0.06
Columbia-INEL-LSU 0.15

Note that, if these four sites were our only options, it would be unwise as
an initial pair of sites to choose Edwards-INEL — a combination that we had
already ruled out on the basis of a poor Area Factor with Europe. However,
all other pairs would be acceptable.

6. The German Triangular Configuration

The upgraded configuration of two L’s at one of the original sites can
be accomplished by either of two methods: (i) By two L-shaped (90-degree)
vacuum systems,. rotated 45-degrees with respect to each other (the
method described above), or (ii) by a single equilateral triangular vacuum
system in which three antennas are operated simultaneously, one with its
corner station at each vertex (the method proposed by the German
group). The choice of method places constraints on the shape of the origi-
nal site — and the choice affects also the geometry of the first, pre-upgrade
L.

We strongly recommend pursuing the two-90-degree-L configuration
rather than the triangular configuration. Our reasons are these: (For
justification of many of the statements made here see Appendix G.)

The initial, pre-upgrade configurations in the two cases are single L’s
with opening angles a=90degrees and a=60degrees. Other things (arm
lengths, optics, etc.) being equal, the signal-to-noise ratios in the two L's
are proportional to sina, and thus gg9/090=0.87 — a debilitation somewhat
outside the 10 per cent tolerance that we believe is acceptable (cf. Appen-
dix A). If we are not willing to live with this debilitation of signal-to-noise
but still want to prepare for a triangular configuration, then we must give
the 60-degree L arm lengths of (i) 4/.87=4.6 km at an increased cost of
roughly 4 million dollars, if ¢ scales linearly in 1/L, or (ii) 4/(.87)3=5.3 km
at an increased cost of roughly 8 million dollars, if ¢ scales as the square
root of 1/L. The financial compensation for this added up-front cost
would come only at the time of upgrade —presumably after gravity waves
are discovered, when money is easier to obtain than now. An extremely
rough estimate (see end of Appendix G for details) suggests that that
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. saving might be 13 million uninflated dollars — 1.6 to 3.2 times the upfront
cost.

We do not think that this 16 million dollar saving in an upgrade that
we might or might not want to make someday is sufficient, in the American
context, to justify the penalty of 4-to-8 million dollars or 13% sensitivity
loss in the initial configuration. (In the German context, where politics are
different and where the cost structure is different because the entire L
must be buried, the optimal decision might be different.)

II. Implications for Specific Sites

A. Edwards-Columbia

The primary pair of sites currently under consideration is Edwards Air
Force Base, California and Columbia, Maine. This preliminary choice of
sites was reached after an extensive search of the entire continental
United States. See Appendix H for a list of the sites considered and refer-
ences to the search reports.

The Edwards/Columbia choice of sites is not preciuded by any of the
scientific arguments discussed above. It is possible to construct a 90
degree detector at each site, and it is possible to adjust the Edwards L into
coincident projection with that of Columbia. The baseline is desirably
long, and the direction of the baseline, in conjunction with that to a with a
third site in Europe or Japan or in the United States, is good for determin-
ing source positions by time delay (it has a large Area Factor Ay). How-

‘ ever, its Volume Factor with Europe and Japan is not favorable —a modest,
but in our view not major, detriment, somewhat compensated by a good
Volume Factor with Europe and Perth. Edwards has 4% worse sensitivity to
the Virgo cluster than the best sites in the contiguous United States, while
Columbia is 11% worse than the best sites — again in our view a modest, but
not major detriment.

Expansion of the Columbia site to include another, 45-degree rotated
L is not practical because of the local terrain. However, Edwards is
expandable; and, as was argued above, it is unlikely that we will want to
add a second detector at both sites.

Edwards Air Force Base has much of the infrastructure needed to sup-
port a gravitational wave detector on site. The site at Columbia does not
have much existing infrastructure, though people at the University of
Maine at Orono have expressed interest in joining the project and the State
of Maine has indicated informally a willingness to contribute money and
resources to keep the costs of construction competitive.

B. INEL, Idaho

The proposed site at the Idaho National Engineering Laboratory is very
flexible for both antenna orientation and future expansion. In the past
INEL has been regarded as an alternative to Columbia. This, we now claim,
was a mistake: the Europe-INEL-Edwards Area Factor Ay is so poor that
these sites would give inadequate accuracy for source positions. -Instead,
INEL should be regarded as an alternative to Edwards (and LSU, discussed
' below, an alternative to Columbia); see the Ay's of Sec. [.B.4 above.
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C.Lsu

A site on the campus at Louisiana State University has recently been
suggested as a good place for one of the initial LIGO sites. This site is
currently part of an agricultural test facility and is quite flat. Proponents
(Joe Reynolds, a dean at LSU and former member of the NSB, and and War-
ren Johnson, a gravity experimenter at LSU) report that the site is seismi-
cally quiet and there is an existing and eager infrastructure.

The baseline with Edwards is adequately large, about 2600 km, and is
oriented so that the Edwards-LSU-Europe Area Factor and the Edwards-

- LSU-Europe-(Japan or Perth) Volume Factors are large and would thus give

good directional accuracy. Therefore, we regard LSU as a possible alterna-
tive to Columbia. LSU is about as far south as one can get in the contigu-
ous United States and thus gives maximal sensitivity for the Virgo cluster
— a modest, but not major consideration.

Since the LSU site was suggested so recently, it has not been
thoroughly examined. There is some indication on available maps that the
area suggested contains marshland. However, since there is nothing firm
to preclude the site and it looks attractive (though not substantially more
so than Columbia) from a scientific viewpoint, a closer look may be in
order.

E. Other Sites

We have tried to present our scientific considerations (Sec. I) and our
recommendations (Sec. III) in such a way that they can readily be applied
to other sites in the continental United States. Our choosing to focus,
above, on LSU and INEL (in addition to Edwards and Columbia), rather than
on other sites, was somewhat arbitrary.

III. Summary of Recommendations.

We summarize here the various conclusions and recommendations
made in Secs. [ and II:

1. In terms of our scientific criteria for site selection, the preliminarily
chosen site pair, Edwards/Columbia, is perfectly acceptable. Also
acceptable would be the INEL/Columbia pair, and the Edwards/LSU pair.

2. The fundamental scientific criteria for site selection are, first, that the
initial LIGO configuration, including sites, be one which comes close to
optimizing the probability of successfully discovering gravitational
waves; and second that, to the extent the configuration can be adjusted
to optimize the information extracted from the waves —both before and
after upgrades — without much compromising the probability of
discovery, it should be so adjusted. In our view these fundamental cri-
teria have the following implementations:

3. The relative orientations of the detectors at the two sites should be
optimized (same projections of leg directions onto the plane bisecting
the two detectors’ planes, to within an error box of width +13 degrees
centered on the average of coincident projection and Virgo-optimized
projection). The absolute orientation within this constraint is not
important.

4. The site separation should exceed ~300 km (a very flaky number) in
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order to assure uncorrelated noise at the two sites; and there is a mod-
est preference for the range 2500 km to 4500 km in order to maximize
directional accuracy.

. The site separations and the directions between sites should be such as
to give values of Ay SEq. (6)] in the range 4,;20.35 for the triplet of sites
Europe - [LIGO site 1] - [LIGO site 2]; and there should exist a third Amer-
ican site for a potential upgrade of the system which would give an 4y
for [LIGO site 1] - [LIGO site 2] - [LIGO site 3] in the range 4,20.12. A
large Volume Factor Vj for [LIGO site 1] - [LIGO site 2] - Europe - Japan
or [LIGO site 1 ] - [LIGO site 2 ] - Europe - Perth would be desirable, but is
not terribly important.

. The latitudes of the sites are not a major issue, though detection of the
Virgo cluster suggests some preference for more southerly sites.

. Sites that can accommodate future-expansion arm lengths of at least 8
km are to be preferred over smaller sites, other things being equal; but
this is not a major consideration.

. One of the original sites, but not necessarily both, should be capable of
accommodating a second 4 km L, rotated 45-degrees relative to the
first.

. At both sites the initial vacuum systems should be right-angle L’s,
rather than 60-degree L’s as would be required to prepare for a
German-triangle upgrade.
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Appendix A
The Acceptable Sensitivity Penalty for Improved Information
Extracted from the Waves, or Improved Upgrade Possibilities

In designing the initial LIGO configuration, including site selection,
there should be some upper limit on the fractional decrease, Ac/c, of
amplitude signal-to-noise ratio that is an acceptable price to pay for
significant increases in the information extracted from the waves, or for
significant improvements in the possibilities of future LIGO upgrades. In
the body of this report we propose the upper limit

Ao .
<01 . (A.1)

In this appendix we will explain why some members of this committee
would be unhappy with an upper limit in excess of 0.1, by describing some
implications of various values of the limit. More specifically: we shall sup-
pose, throughout this appendix, that some design choice (such as non-
coincident-projection alignment of the L’s at the two LIGO sites, or a non-
90-degree opening angle for one or both L’s) has produced a reduction in
the signal-to-noise ratio, for all sources, by a fractional amount Ac/o
(defined as positive for a reduction); and we ask what the consequences of
that reduction are. .

We must emphasize from the outset that the reduction Ag/c can never
be regained without a complete rebuilding of the vacuum system, at enor-
mous expense. (One might think that so small a reduction as Ac/a=0.1,
say, can readily be compensated for by a modest improvement in optics
and/or laser power. However, the optics or laser improvement is possible
whether or not the debilitating feature was built into the LIGO design; and
thus, after the improvement, one still has a signal-to-noise ratio 10 per
cent lower than one would have had without the debilitating feature).

1. Increase in the mean time between gravity-wave bursts

Since it is likely that the burst sources detectable with the LIGO will
come from at or beyond the Virgo cluster of galaxies, where the spatial
density of sources is uniform, the mean time between arrivals of bursts
with gravity-wave amplitudes larger than some value ~ will likely scale as
ATch~3. Correspondingly, the design-imposed reduction in all signal-to-
noise ratios will produce the following increase in the mean time between
detectable bursts:

AT :
At | = 1=0.37 ifAc/0=0.1 . (A.1)
T Jourst (1"A0'/0)3

This 37% increase in mean time between detections will be with us until, at
very great expense, there is a major reconstruction of the LIGO facility.

1

2. Increase in the integration time to discover or measure a periodic
source

Regardless of where it is located, a periodic source will produce a
signal-to-noise ratio in the LIGO detectors that grows as the square root of
the integration time. Correspondingly, the design-imposed reduction in
all signal-to-noise ratios will impose the following increase in the
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integration time to detect or measure any periodic source:

ar 1

* |ooriotie  (1—da/o)e 0= Ac/c=0.1 . (A.2)

3. Increase in the integration time to discover or measure stochastic back-
ground

The amplitude signal-to-noise ratio in a stochastic-background
search grows as the fourth root of integration time. Correspondingly, our
Ac/c will produce the following increase in the integration time to dis-
cover or measure a stochastic background:

ar 1

= -1 =052 if Ao/6=0.1 . (A.3)
T Jstochastic (1—A0/0)4

4. Increase in probability that the LIGO project will be shut down for failure
to discover gravitational waves

Once the LIGO is in operation, we can expect the sensitivities of the
detectors in it to improve fairly steadily (though, of course, in discrete
steps) for some years. If we are lucky, at some point during that improve-
ment, gravity waves will be discovered. In this case a 10% debilitation of ¢
due to LIGO design choices is unimportant: It will delay the discovery of
gravity waves by only ~1 to 3 months, since the sensitivity will probably be
improving by 3% to 10% per month on average.

If gravity waves are not discovered during this initial epoch of steady
sensitivity improvement, it is unlikely we will get the funding for a major
upgrade of the LIGO facilities, and as a result the sensitivity improvement
will ultimately grind to a halt or a slow crawl (i.e. become "stuck”). If the
sensitivity in this stuck epoch is too poor, we will fail, year-after-year to
discover gravity waves and ultimately the NSF will shut us down and the
field will die. (This presumes, of course, that the Europeans or others are
not doing better — a presumption on which our calculations will be based.)
The design-imposed signal-to-noise reduction Ac/o will reduce the sensi-
tivity at which we get stuck, and thus will increase the probability of our
project being shut down. We can estimate that increase in probability of
shutdown, AP ghutdown, as follows:

Denote by h=A(f )VFf the rms detector noise in a bandwidth Af =f at
frequency f =100 Hz (where A(f) is the square root of the spectral density
of the detectors’ strain noise, AL /L); and denote by hgyckx the noise level
at which the detectors become stuck. Further, denote by A ;<A guckSh 2 the
range of dimensionless noise amplitudes in which, based on our best esti-
mates today, the detectors are likely to get stuck, in the absence of a huge
infusion of new funds from NSF. For example, a person who feels quite
uncertain about whether good sensitivities will ever be achieved in the
LIGO might set h;=3x1072! and hp=3%x10723. It is reasonable to assume
that the differential probability dPg,cx of getting stuck in a given loga-
rithmic interval dinh of h is constant (independent of A ) over the range
h(<h<h,. Finally, denote by Pdiscove,y(hl,hg) our best estimate today of
the probability that gravity waves will be discovered somewhere (any-
where) in the range h;<h<h,. For example, Kip’s best estimate for
h1=3x10"?1 and h=3%10"23 at f =100 Hz is P jiscovery=0.7 (With 20% odds of
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' discovery at h >3x10~2! and 10% odds we will have to go to A <3x107%3,)

It is straightforward from the above definitions to show that the pro-
bability of failure ever to discover gravity waves, and of thus being shut
down, is increased, as a result of the design-imposed sensitivity loss Ac/o,
by

A
AP shutdown = ln(ho;.g/(;l, 1) XPdiscovery(h'lth)

~0.02 if Ao/a=0.1, ha/h =100, and P giscovery(R 1,2 2)=0.75 . (A.4)

Such a 2 per cent increase in probability of shutdown may seem small;
but one should remember that shutdown without ever seeing gravity waves
would be a very severe and painful capstone to the LIGO Project.
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Appendix B
Optimum Alignment of Columbia and Edwards for Linearly Polarized Waves

Stan Whitcombd
January 1985

This Appendix is a reproduction of an internal LIGO memorandum
written by Stan Whitcomb in January 1985. It deals with the effects on sig-
nal strengths of varying the orientation of the Edwards L, with the Colum-
bia L held fixed at its topography-determined orientation. In the
memorandum Columbia is called Cherryfield (its old name). The signal
strengths plotted in the figures are s;=0;/0,, Wwhere o; is the signal-to-
noise ratio at site j for a source at its actual location on the sky and
actual polarization, and o is the signal-to-noise that the source would
have if it were overhead and had optimal polarization. The figures show,
for a uniform sampling of source locations and polarizations, the number
of sources with various combinations of s; and s, Each figure
corresponds to a specific orientation for the Edwards L. The optimum
orientation agrees with coincident projection to good accuracy.
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Appendix C
Coherence/Attenuation Lengths
for Some Noise Sources

Source Frequency Characteristic Size
Acoustic] Wind 0.01-1.0 Hz < 0.3 coherence at 40 m
Thunder 1.0-2.5 Hz s 1 km for overhead storms
0.5 Hsz 10 km
Seismic? 1.0 Hz 1km
2.0 Hs < 0.5 km
[ Extensive Air Showers®
‘ e~ impulsive 700 m (density of 1/m?)
I impulsive 25 1 km for 1 GeV
| Electrical Transmission Lines® || 60 Hz and harmonics | = 150km

1. Posmentier, Eric, J. Geo. Res. 79, p. 1755 (1974).

2. Dahlman, O. and Israelson, H. Monitoring Underground Nuclear Ezplo-
sions, Elsevier (1977).

3. Galbraith, W., Eztensive Asr showers, Academic Press, (1958).

4, The 150 km figure is an average transmission line length based on a table in
EPRI Transmission Line Reference Book, showing the largest transmission
lines of various utility companies. It is not a coherence or attenuation
length.
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Appendix D
Antenna Beam Pattern Half-Width

Consider a detector that is looking at sources distributed uniformly in
space — e.g. sources at and beyond the Virgo cluster. Then the number of
sources per unit solid angle dQ and per unit dimensionless amplitude dh
will be

dN _ const
ahdQ h4
For sources near the zenith and nearly underfoot the antenna beam pat-
tern function will have a zenith-angle () dependence
F(8)=cos8+0(6%) ,

since the two terms in the exact expression for F vary with 8 as cos@ and
as %(1+cos?0)=cosf8+0(6%). Because the signal-to-noise ratio for a source
is oxhF, Eq. (D1) translates into

(D1)

dN  _ constxcos36
dodcosf ot ) (D2)
This angular distribution puts half the observed sources inside an angle
8,=cos~1(2-1/4)=32 degrees . (D3)

Since %(1+cos?) is somewhat larger than cosé at large 8, this estimate of
8, is a bit too small; we shall use the slightly larger estimate

6,=35degrees . (3)

Note that sources at the zenith angle 6, have their signal-to-noise ratios
debilitated, due to not being overhead, by F(6,)=2-1/4=0.84 — i.e. a 16%
debilitation.
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Appendix E.
Information that can be Extracted from a Gravity Wave
with Various Site and Detector Configurations

The amount of information that can be extracted from a given set of
gravity-wave observations depends on the configuration of the detectors
and sites. In this appendix we describe several different configurations
and attempt to estimate the science that could be accomplished with
each. Appendix F contains the results of some numerical calculations that
were performed to get a feeling for what could be accomplished with two of
the specific cases. The configurations are described by two parameters:
%he n)urnber of individual sites, and the number of distinct detectors
"L’s").

2 Sites, 2 L’s

The first configuration for the LIGO will be two sites and two L’s. This
gives two time series and one time delay AT. The time delay locates the
position of the source on the sky to within a ring that is centered on the
line between the sites and has angular radius ®=cos~!(cAt /D), where D is
the distance between the sites. The width of the ring is determined by the
precision of the timing measurement.

For a periodic source, the location within the ring and the polariza-
tion of the source can be determined by watching the observed signal
evolve with time. (A method for determining the polarization and the
location with a single antenna has been worked out in detail [Jeff Livas,
PhD thesis, 1987).) Thus, even this simple configuration is sufficient to
extract the astrophysics provided that one has a definite detection with a
good signal to noise ratio.

For a burst source, the polarization information cannot be extracted
without more precise information about the location of the source. If the
location can be determined, by comparison with optical observations for
example, the two wave forms may be extracted, in principle, as follows:
define the + mode as that which maximally excites the first L; then, with
renormalization by a direction-dependent factor, the measured time
series for the first L is A,(¢). Multiply this h.(¢) by the direction-
dependent factor that describes its coupling to the second L, and subtract
the result from the second L’s time series. The result, after direction-
dependent renormalization, will be h,(t). However, if the two L’s have been
optimally aligned (coincident projection) as we advocate, the second L like
the first will have little sensitivity to h(¢), and this procedure will produce
mostly noise.

For a stochastic source, the cross correlation of the two detectors
with appropriate time delays yields the spectral density for one polariza-
tion state and for a ring of directions on the sky.

Thus it is that our initial configuration, although optimized for
gravity-wave discovery, extracts only half of the waveform information
- from burst sources and only a small portion of the information from an
anisotropic stochastic background. For periodic sources of good signal to
noise ratio our initial configuration is adequate to extract all the informa-
tion carried by the wave.
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2 Sites, 3L’s

One possible upgrade, after gravity waves have been detected, is to
add at one of the original sites a second L oriented at 45 degrees with
respect to one the first. With the two L’s at the common site the two
waveforms can be determined rather easily, if the direction of the source
is known:

h.=2(1+cos26,)"1(s jcos2¢s—ssinl¢s) , hx=(cosls) }(szcos2ds+s5in2¢s).

where s; are the strains AL;/L; measured by the two interferometers. As
before, with only one time delay, the location of the source is not known
without additional information.

2 Sites, 4 L’s

This case is discussed quantitatively in Appendix F. It appears that, if
the sites are as far apart as Edwards and Columbia so their planes are
separated by an angle 8235 degrees, then the four time series from the
two sites provide enough information to determine, with modest precision,
the direction to the source and the two wave forms. Thus, in principle this
configuration is as good as the 3-Site, 4-L one (below); though in practice it
is less accurate and less robust (see Appendix F).

3 Sites, 3 L’s

With three separate sites and a single L at each site, there are three
time series and from them two independent time delays that can be
observed. The time delays can be used to localize the source to the inter-
section of two finite-width rings on the sky, which in general is two
patches. It is still undetermined how much further one could proceed with
such a system. It seems reasonable to suppose that the three measured
time series plus two possible locations for the source could be used to
develop two different models of the two polarization waveforms, one for
each patch in the sky. An obvious contradiction in one of the models or an
extra piece of information from other observations would be needed to
determine which model was more likely to be correct.

3 Sites, 4 L’s

This configuration, like the 2-Site, 4-L one, is discussed quantitatively
in Appendix F. Both configurations can determine, in principle, the posi-
tion and both wave forms; but this configuration is more robust and more
accurate. ‘

4 Sites, 4 L's

A network of four single L’s at four separate sites could do a
significantly better job of unambiguously extracting the full information
in the wave than 3 sites and 4 L’s — providing the four sites do not lie
nearly in the same plane [more precisely, providing their volume figure of
merit, Eq. (7), is large]. The three independent time delays could be used
to localize the source to a single patch on the sky, and the four measured
time series should contain enough information to extract the two polari-
zation waveforms. The best method for obtaining the solution has not yet
been worked out in detail.
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Relative Importance of Position and Polarization Information

The relative importance of position information and polarization
information is difficult to quantify because it depends on the type of
source being studied and on the presence or absence of additional infor-
mation. The consensus of this working group is that position information
is slightly more important than polarization information because the
position of the source is explicitly needed to extract the polarization
information from two L’s located at a single site, and because the position
is needed to connect gravitational observations with the rich body of
knowledge compiled by other types of astronomy. The results presented in
Appendix F seem to suggest that measurements of either polarization or
time delays can be used to determine the position of a source, but time
delays tend to be more accurate and more robust.
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Appendix F
Comparison of 2-Site, 4-L Configuration with 3-Site, 4-L Configuration

One of the key issues analyzed by the committee is the question of
what enhancements to the initial "2 L” LIGO configuration might be
required to extract the maximum amount of information from gravita-
tional wave signals. In particular, might the LIGO project want to add addi-
tional L’s either at one or even both original sites?

Although we originally thought of the question in terms of measuring
the polarization and determining the complete gravitational waveform, it
quickly became clear that these measurements are inextricably linked
with determination of the angular position of the gravitational wave
source. This is because polarization is measured by examining ratios of
signals in different antennas. The amplitude response of a single antenna
to a linearly polarized wave is proportional to

F =%(1+cos?8)cos2¢pcos2y—cosfsin2¢siny , (F.1)

where 8 is the source’s zenith angle, ¢ is the source’s azimuth measured
from one of the L's legs, and ¥ is an angle specifying the orientation of the
source’s polarization axes. Extraction of the polarization angle ¥ involves
knowledge of the position angles 8 and ¢.

Previous discussions of position determination have assumed 4 or
more individual L’s, each at a separate location. The direction of travel of
the gravitational wave must explain the arrival time of the signals at the
different sites. With 4 sites, the position is restricted to a single region on
the sky, whose size depends on errors in the timing. We have not seen a
discussion of extraction of the two polarization waveforms, but one
method can easily be imagined. Because of their different locations on the
earth and different orientation angles about the local vertical, each
antenna will be sensitive to a different combination of the two wave forms
h . and h, coming from the position of the source. Decomposition of the 4
time series into the 2 orthogonal waveforms should be straightforward.
(An error analysis of this procedure would be worthwhile, but we have not
done it yet.)

We were particularly interested in what could be accomplished from
only 2 sites. One can imagine adding a second "orthogonal” L (rotated by
45 degrees from the first) at each site. Then there are as many L’s as in the
"classical’ configuration, but the information takes a different form.
Instead of 3 independent time delays, we have only 1. However, the ratios
of the signals in each colocated pair of L’s also provide useful information.
(In principle, the ratios between separated L’s contain the same sort of
information, but this is not useful until accurate position information
determines the time delay between them.)

To test this method, we assume that a gravitational wave signal comes
from a well-defined spot on the sky, and that it has a fixed linear polariza-
tion, i.e. a fixed ratio h,/h (either throughout the burst, or within a sub-
section which we can detect with sufficient signal-to-noise ratio). We com-
pute what would be the signal ratios and time delay if the the wave came
from each position in a two-dimensional grid on the sky, with each polari-
zation from a third grid axis. Each point in this set is compared with the
"measured’’ signal ratios and time delay. The set of grid points which
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match the measurements (within a specified precision) constitute the
error box.

We compare the error boxes generated by this 2-site, 4-L method with
what could be achieved with 4 L’s at 3 sites. In the 3-site case, one of the
sites has a 45 degree pair of antennas as in the 2-site method, while at the
other two sites there is just a single L; and the measurables are two
independent time differences, and one signal ratio from the site with two
L's. To test the 3-site method, we again search a grid in right ascension,
declination, and polarization angle, comparing the predicted values of
time delays and ratio from each grid point with the “measured” value.

We compute two different measures of the size of the error boxes. One
is the volume, in the three-dimensional space of angles. The other is the
area on the sky, projecting out the polarization dimension.

For specificity, we have chosen the Edwards, Columbia, and LSU sites
for the 3-site, 4-L configuration. Edwards and LSU are the locations used
for the 2-sites, 4-L configuration. We assume that time differences can be
determined to 0.3 msec, and that signal ratios can be determined to 30%.
To make this last specification reasonably fair, we restrict our comparis-
ons to situations where all antenna responses are greater than 0.2 times
the maximum response (at the zenith with optimal polarization).

A table comparing the two methods for a number of examples is given
below.

TABLE F-1: Error Box Areas

Source 2-sites 3-sites
(RA,DEC,PA) (sq. deg.) (sq. deg.)
20,0,45 1224 99
30,0,0 324 65
40,0,0 414 61
50,0,0 455 52
120,0,45 408 52
130,0,45 377 68
140,0,45 317 92
30,-40,0 567 35
40,-40,0 588 23
50,-40,0 511 36
100,-40,0 441 23
110,-40,0 615 26

TABLE F-2: Error Box Volumes

Source 2-sites 3-sites
(RA,DEC,PA) (cu. deg.) (cu. deg.)
20,0,45 6974 1316
30,0,0 1347 162
40,0,0 - 1526 257
50,0,0 1539 218
120,0,45 1467 456

130,0,45 ' 2118 933
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140,0,45 2447 2076
30,-40,0 2073 258
40,-40,0 2504 168
50,-40,0 2126 216
100,-40,0 1412 185
110,-40,0 2724 234

Figures F-la and F-1b show maps of the error boxes obtained by the
two methods for the 50,0,0 source (fourth down in each table).

The most striking feature of this exercise has been that the 2-site
method works at all well. With the chosen values of precision, the 3-
site method has a substantial edge over the 2-site. The detailed
numerical results depend sensitively on the precision to which ratios
and timing are assumed to be measured, since in the 2-site method,

‘the error box volume will scale as (ratio precision)?x (timing preci-
sion), while in the 3-site method the volume is proportional to (ratio
precision)x(timing precision)?. The 2-site method requires, in order to
work at all, that the sites not lie in the same plane; and the farther
apart they are, the better it works. However, even if the sites are as
far apart as Edwards and Columbia, the 3-site method still has a clear
edge.

Because the 2-site method works to a fair extent, it is hard to
draw a clear lesson concerning the Columbia site, where a second L is
precluded. One way of looking at the results is to say that there is no
scientific capability which the LIGO would lack by using Columbia, so
long as we consider establishing a third site as a viable option (or if we
believe the rest of the world will build at least two sites). A different
interpretation of the results could be that building extra L’s at both
sites, which might be cheaper to build and easier to manage than a
three site system, can do science that is in some way comparable. This
line of argument would suggest that we shouldn’t give up in advance
the possibility to make the choice to have 4 L’s at only 2 sites, and
therefore Columbia lacks a valuable feature.

There is an important weakness of the 2-site, 4-L method which is
not made clear by this comparison. That is the dependence of the
technique on a constant linear polarization. If the source has substan-
tially elliptical polarization, as in the signal from a coalescing binary,
then we can only apply the 2-site method if we can break the signal up
into short chunks during which the polarization is approximately con-
stant. This means we require substantially larger signal-to-noise
ratios for this method than for a timing technique. Even if the signal is
linearly polarized, we need a large signal-to-noise ratio to check that
that is the case.

By contrast, determinations of position by time differences
demand only modest signal-to-noise ratios. This is the chief virtue of
3-site and 4-site techniques. To determine the polarization as a func-
tion of time still requires the same high signal-to-noise ratio as in the
2-site method. But, at least the use of multiple time differences allows
the extraction of position information without demanding a simul-
taneous solution for the polarization. With the 2-site 4-L method, one
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needs enough information to solve the whole problem all at once.

The state of gravitational wave astronomy outside the U.S. will
play an important role in future decisions about expansion of the
LIGO. If there is even one comparable antenna elsewhere, the world
network will consist of 3 L’s at 3 sites, which is capable of doing most
of the science of the 4-L configurations studied here. (See discussion
in the body of this report, and Tinto, 1987a,b.) Then the addition of a
second L at even one of the original LIGO sites will give the full capabil-
ity studied here. Alternatively, establishing a third single L in the U.S.
would give the world a 4-site network, capable of unambiguous posi-
tion and polarization waveform determination.

If there are two sites comparable to the American sites elsewhere
in the world, there would be very little impetus to add additional L’s
here, unless it were for other purposes, such as better detection of
high frequency stochastic backgrounds.

Figure Captions

Figure F-1a: A map of the sky showing source positions allowed by the
2-site, 4-L method for a particular set of signal ratios and one time
delay. The input data corresponded to a source at RA=a=50 degrees,
Dec=6=0, PA=yY=0. Two pairs of L’s, at Edwards Air Force Base and at
Louisiana State University, were assumed. The bins marked "1" are
allowed to within the specified precision, while bins marked "0" are
ruled out. Polarization of the source at each position has been pro-
jected out in this map.

Figure F-1b: As above, but for the 3-site, 4-L method. The input data
were time delays corresponding to L's at Edwards, Columbia, and LSU,
plus a single signal ratio between a pair of 45-degree rotated L's at
Edwards. '
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Appendix G
German Triangular Configuration Compared to Two 90-degree L’s

In Sec. 1.C.6 of the text we argue that it would not be wise to build one
(or both) of our initial LIGO L’s with a 60-degree opening angle, in prepara-
tion for a possible future upgrade into a German triangular vacuum sys-
tem. Here we justify some of the statements made in that argument.

1. Sensitivities of Various Configurations

It can be shown that for a single L (our initial LIGO configuration at
each site) the amplitude signal-to-noise ratio depends on opening angle a
as sina. Thus, for the same arm lengths, the initial 60-degree and 90-
degree L’s would have relative S/N’s

—03"—=sin(60deg)=i2§-=o.87 ; (G.1)

O90
and this is true for all gravitational waves, regardless of direction and
polarization (if the detectors are in the same plane and their bisectors are
parallel).

After the upgrade of the 60-degree L to a triangle with one detector
centered on each of the three vertices, and the upgrade of the 90-degree L
by adding another 90-degree L rotated by 45 degrees to the first, the rela-
tive S/N’s for equal arm lengths will be

Oa __3_
O290s 2V2

and this again is true for all gravitational waves, regardless of direction
and polarization, so long as the two configurations lie in the same plane.
Thus, the upgrades bring the triangular configuration from a 13% lower
amplitude sensitivity to a 8% greater amplitude sensitivities.

=1.06 ; (G.2)

2. Relative Costs

The very rough estimates of costs quoted in the text are based on the
assumption that two 90 degree L’s will cost a total of 80 million dollars,
with 2/3 of that cost length dependent and tied up in the arms, and 1/3
fixed and tied up in the end stations and corner stations. Correspondingly,
the cost of one 4 km arm of one detector is presumed to be 13 million dol-
lars, or 3.3 million dollars per km.

The upgraded configurations we compare are the "2L" configuration
consisting of two 4-km L’s with midstations comprising two additional 2-
km interferometers, and the “triangle” configuration, three 4-km 60-
degree interferometers. Midstations for half-length interferometers are
included in the initial L as a local veto against accidentals such as out-
gassing bursts from one of the pipes. Midstations on the upgrade L, though
not essential, have the desirable feature of providing two identical detec-
tors that can be operated independently. The triangle has adequate
redundancy without midstations. However, its initial 60-degree detector
would require either midstations or the second of the three detectors
from the start.

The triangle in its final form makes the most economical use of cul-

verts or covers, accommodating three full-length detectors in just three
arms; the final 2L configuration has four arms accommeodating two full-
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length and two half-length interferometers. For a fair comparison, we
estimate the cost of the triangle assuming that one vacuum pipe in the tri-
angle will accommodate two interferometers, just as the half- and full-
length interferometers share a common pipe in the 2L. This assumption
differs from the proposed German design, which calls for two pipes. (The
difference is attributable to our commitment from the start to allow mul-
tiple interferometers within the original facilities; the proposed German
vacuum system can accommodate just one interferometer of the type
they are considering.)

The arm cost, which includes pipes, pumps, tunneling, culverts and
covers, is lower in the triangle by the cost of one 4-km arm, or 13 million
dollars. Other differences between the two upgraded configurations will
have a smaller influence on the construction cost. The 2L requires only one
full-size vertex station and two full-power lasers (lower power lasers can
be used for the half-length L’s), compared to three vertex stations and
three full-power lasers for the triangle. On the other hand, the triangle
has greater design uniformity, fewer buildings (three or five instead of
seven or nine), and 6% better sensitivity for the same arm length.

An intermediate configuration proposed by Drever calls for adding a
hypotenuse to the original L and a bisecter from the vertex to the hypo-
tenuse. The two inner L’s of length 4 km xV2 respond to the polarization
orthogonal to the original L, and when their outputs are added (assuming
sensitivity proportional to arm length) the signal-to-noise ratio matches
that of the original L. The arm cost of this configuration is approximately
the same as for the 2L (a total of 4.1 km additional arm length is needed
for the upgrade) but the land and building requirements are similar to the
triangle.

The triangular configurations (either the German design or Drever’s
proposal) offer the additional advantage of allowing the construction of
interferometers of large enclosed area, useful for some applications that
are still speculative. For example, a ring laser gyroscope on this scale
would be a rotation sensor of unprecedented sensitivity, and might have
geophysics applications. Ring interferometers might also be used to
measure the magnetic component of gravitational waves, or as part of an
experment to detect the earth’s dragging of inertial frames.

As is argued in the text, we do not think the savings in upgrade cost
inherent in the German design will be sufficient, in the American context,
to justify the penalty paid




LIST OF SITES CONSIDERED

Apperdix H

This is a fairly complete list of all the locations, both above and below ground, that were sericusly
corsidered as sites for a gravitational wave anterna. The earliest survey, conducted by Stone \& Webster
Erigineering Corporation considered only goverrment installations and mines. Details of this survey are
published in the 1983 "Blue Book” study prepared for the NSF. The 1984 JPL study also published a report titled
“Site Selection Evaluation for a Gravity Wave Detector Facility". The survey labeled MIT was an in depth follow-up

of selected areas near the East Coast conducted by primarily by Peter Saulson and Rainer Weiss. It has not been published.
The LIGD survey was a follow up study of selected areas near the West Coast conducted primarily by Frank Schutz.
All SO states are included for completeness, but some states had no suitable sites on public lard.

State Installation Survey Good? Comments
1) RAlabama Anniston Army Depot S&W Topography, land use
Fort Rucker S&W Topagraphy
Fort McClelland S&W Topography
Redstone S&W Topography, land use
Alaska
3) Arizona Luke Air Force Range S&W/ JPL N Bombing and Gurnnery range
San Cristobal Valley S&W/IFPL Y Private Land
Somerton Area : S&W N Seismicity
Yuma Froving Ground S&W N Bombing/firing range
Lakeshore Mire S&W N B.2 km x @.2 km !
Superior Mine S&W N 2.1 ki x 0.3 km g
{
4) Arkansas Fort Chaffee Military Res S&W N Topography
S) California Beale Air Force Base =117 N Topography, land use
Bristol Dry Lake S&W/ IPL Y Remote, BLM land
Camp Pendelton Marine Base S&uW N Topography
China Lake Naval Weapons S&W/IPL N Seismicity
Clark Dry Lake Radioc Obs. S&W/JFL N Seismicity
Edwards AFR S8&W Y Primary West Coast Site
Fort Irwin Military Res. S584W N Topography
Fart Ord Military 584 N Topography, land use
Hunter Ligget Military Res. S8&W N Topagraphy, seismicity
Miramar Naval RAir Station S58&W N Land use
National Parachute Test Range S&W N Seismicity
Owens Valley S&W N Insufficient space
Saline Valley Dry Lake s&W N Inaccessible
Twnentynine Palms Marine Base S&W N Topagraphy
fPalen Lake JRL Y No infrastructure
* Goldstone JPRL Y %
Bishop Mine S&W N Q.6 km x 1.@ km o
Soda Lake L 160 N EBLM land [<3
. Hawes LIGO N Mining & Petroleum claims g
Harper Lake 160 N lLand use Q
North Harper Lake LIGO N Neayr a fault, Drainage
Coyote Lake L 160 N Flonding, tand use -
6) Coloradao ARlamosa Area S&W/IPL Y Frivately owned
D.0.T. Exp. Train Track S&W N lLand use

e



7)
8)
9)

19)
11)

12)

13)

14)

16)

17)

18)

19)

Connecticut

Delaware
Florida

Georgia

Hawaili
Idaho

Illirois

Indiana

Iawa
Kansas

Kentucky

Ltouisiana

Maine

Marylarnd

Fort Carson

Rocky Mountain Naticonal Ars.
Henderson Mine

Henderson East Turnnel

Entire State

Eglin AFE

Fort Benning
Fort Gordon
Fort Stewart

Idaho Natiocnal Eng. Lab.
U.S. Sheep Exp. Station
Bunker Hill Mire

Lucky Friday Mine

U.S. Gypsum Co. Mine
Mississippi Lime Mine
Chicago Mine

Praire du Rocher Mine
Vulcan Mine

Fermi Lab

Camp Atterbury

Crarne Naval Weapons Support
Jefferson Proving Ground
Shoals Mine

Chicago Metro Sewer Comm.
Coal Mines —— general

Sperry Mine
Fort Riley

Blue Grass ery Depot
Fort Knox Army Res.
Dravo Mine

Black River Mine
Princeton Mire
Mullins Mine
Frederick Mine

Fort Polk
Columbia
Saponac (Greenfield Twnshp)

Presque Isle AFB

Aberdeen Froving Ground
National Agricltural Center

S&W
S&W
S&W
S&W

Sé&W

S&W/JIPL

S&W
S8&W
S&W/ JPL

S&W/JPL
S&W
S&W
S&W

S&W
S&4W
S&W
S&W
S&W
MIT

S&W
S&W
S&W
S&W
S&W
S&W

S&W

S&W

S&W
S8W
S&W
S&W
S&W
S&W
S&W

S&W
MIT/JIPL
MIT/JPL
MIT

S&w
S&W

222222 2Z2<

‘z2zzzzZz Z Z

222 Z

r4

222

222222

Z22Z2< 2

44

Topography

Topography

0.2 km x @.3 km

No significant "L" passages

Topography, land use

Land Use

Topography
Topography
Tark Training Ground

Backup site
Topography
B.8 kn x @.9 km
Q.4 km x 3.8 km

B.6 km x @.6 km
kin x @.7 km
km x 1.6 km, extensive maintenance
km x @.4 km
km x Q.4 km
wsufficient space

PWhNX

ma
a.
1.
Q.
Qa.
Ir |
£~
~I
Topography, land use ]
Topography
Taopography
D.4 ki x Q.4 Kwm

2.8 km x 1.4 km (in use, though)
2.2 km x 8.2 km

.2 kin x @.3 km
Topaxgraphy, land use

Land use

Taopograph
Q2.3 km x

km
Kea
km
Km

3 km

. S km

« & km
S
1

kia
km

~-55@
sSnne
X X X X

Topography
Frimary East Coast Site

Granite
Remote, Land use

H XIANdddV

Insufficient. space
Insufficient space



&6)

27)

c8)

29)

30)

31)

33)
34)
35)

Massachusetts

Michigan

Mirmesota
Mississippil

Missouri

Montana
Nebraska
Nevada

New Hampshire
New Jersey

New Mexico

New York

North Carolina

North Dakota
Ohio

Fort Devins

Westover AFB

Dtis AFRB

Natick Army Res. Labs
Tauriton

Camp Grayling
White Pine Mine
Detroit Mine

Camp Ripley

Fort Leonard Wood
Randolph Mine
Buick Mine

St. Genevieve Mine
Magmont Mine
Viburrium Mine
Fletcher Mine
Brock Mire

Heath Mine

Entire State

Nellis Bombing and Gurnery
Hidden Valley

Dry Lake

Entire State

Entire State

Sterling Hill Mine

Fort Bliss

Sandia

Plains of San Augustin (VLA)
White Sands

Eddy Mire’

Nash Draw Mine

Mississippl Chem. Mine

IMC Mine

PCA Mine

Entire State

Retsof Mine

Cayuga Mine

Serneca Mine

Entire State

Cleveland Mine
U.S. Corps of Eng.
Jonathon Mine
Fairport Mine
Barberton Mirne
Zanesville Mine
Payriesville Mine

MIT
MIT
MIT
MIT
MIT/IP:

S&W
S&W
s&W

S&W

S&W
S&W
S&W
S&W
S&W
S&W
S&W
S&W
S&W

S&W

Sé&W
LIGO
LIGO
S&W
S&W
S&W
S&W/JPL
=117
S&W/JFL
S&W/ JFL.
S&W
S&W
S&W
S&W
S&W
S&W
S&W
S&W
Sau
S&W

S&W
S&W
S&W
S&W
S&W
S&W
S&W

22222

a4

222222222

2222222 2222222222<<2<X2%Z2222 Z

Topagraphy

Irsufficient space
Bombing/firing range
Insufficient space

Drainage, Insufficient space

Topography
V.3 kin x 8.9 kmn
1.2 kia x 1.@ km

Topography, Drainage

Topagraphy

1.4 km x 1.6 km
B.3 kin x 4.@Q km
0.6 km x 0.6 km
0.3 km X 2.0 km
3.3 km x 1.5 km
Q.6 km x 2.Q km
Q.4 km x B.7 km
D.3 km x 3.@ km

Topography, t.and use

Topography, Drainage, Land use
Flood hazard

Land use

Topography, Land use
Topography, Land use

@.1 km x @.1 km

Topography

Restricted to triangle by land use

D.7 km x 8.8 km to be reactivated
1.5 km x 1.5 km

@.4 km x 0.4 km, abandoned

B.& ki x @.2 km

D.& ki x B.3 km

Topography, Land Use

1.2 km x 1.0 km

2.9 km x 1.9 km

0.6 km x @.7 km

Topography, Drainage, Land use

1.7 km x 1.7 km
Underground shelter study
2.8 kin x 3.9 km

B.6 km x 3.9 km
D.6 K x 9.8 km
V.7 km x 1.1 km
Q.6 ki x @A.3 km

—817.—

H XIANZddV




3€) Oklahoma

37) Oregon
38) Pernsylvania

39) Rhode Island
48) South Carclina

41) South Dakota
42) Termessee

43) Texas

44) Utah

45) Vermont
46) Virginia

47) Washington

48) West Virginia
49) Wisconsin
5Q) Wyoming

Notes:

1) All mives actively used unless otherwise noted: distances are line—-of-site

Fort Sill
Naval Ammunition Depot

Bethlehem Corp.

Peabody Coal

Conoco
Consolidated ,Coal Corp.
U.S. Steel

U.S. Corps of Engineers
Entire State

Fort Jackson

Savanah River Plant
Homestake Mine

Arncld Engineering Dewv.
Fort Campbell

Oak Ridge

Mascot Mine

New Market Mire

Gleason Mine
Bordonsville Mine

Fort Hood

t.ackland

Desert Range Exp. Station
Great Salt Lake Desert
Lyrmndl

Park City Mine

Bat Tunnel

Hades Turmel

Dugway Proving Ground
Skull Valley

Aranonite

Entire State

Fort Eustis

Fort A.P. Hill

Fort Pickett

Quantico Marine RAir Base
Kimballton Mire

Fort Lewis

Hanford Reservation
Yakima Firing Center
Pend Orielle Mine
Consolidated Coal (mine)

Westvaco Mire
Alchem Mine
Carbon County Coal Co.

S&W
S&W

S&W
S&W
S&W
S&W
s&W
S&W
S&W
=117
s&W
S&W
=127
S&W
S&W
S&u
S&W
S&W
S&W
S&W
S&W
S&W
S&W/ JFL
S&W/JPL
S8W
s&u
s&W
JPL
LIGO
LIGO
s&W
S&W
S&W
S&W
S&W
sS&W
S&W
S&W
S&W
SiW
S&W

S&W
sSiu
S&W

22z

z22 ZZ2222Z22Z2ZZ222<22Z<X<X<X22Z222222222222222ZZ

Topography

Topography

max @.5 km x d.5 km
max V.2 km x 8.3 km
max B.7 km x @.35 km
max O.4 km x @.2 km
max ©.3 km x @. kio

underground shelter study
Topography, Land use
Topography
Topography, Land use
V.3 ki x B.4 km
Topography
Topography
Topography

@.4 km x @.4 km

V.2 km x @.3 km

.3 kin x 0.3 km

B.3 kin x 8.3 km
Topography
Insufficient space

BLM land

D.3 km x 0.3 km

12.8 km (cne tunrel only: water turnel)
7.2 km (orie turmel only: water turnel)
Remote, No infrastructure
Remote, No infrastructure
Remote, No infrastructure
Topography, Land use
Insufficient space
Topography

Topography

Topography

B.2 km x @.3 km
Seismicity

Topography, Land use
Bombing/firing vange

@.1 km x A.2 km

max Q.2 km x Q.2 km

|
£~
O

|

km % B. 3 km
ki x @.4 km
kin x @.8 km, no real passages

S P -
o
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Appendix |
Sky Coverage Maps

In this appendix we present maps that illustrate the sky coverage
achieved by pairs of coincident-projection oriented L’s at various possible
LIGO sites (Edwards-INEL, LSU-INEL, Edwards-Columbia, Columbia-INEL,
and Edwards-LSU). Note that there is only slight variation in sky coverage
from one pair of sites to another.

Figure Captions

Figures I.1 - 1.5. These maps show, at each point on the sky, the number of
L's in the pair (0, 1, or 2) at which a given threshold is exceeded by the
polarization-averaged signal-to-noise ratio . The thresholds are meas-
ured in units of the signal-to-noise ratio that the source would have had
were it directly overhead, with optimal polarization, o,,t. Because of the
polarization averaging in G, if the source were overhead, it would have
T/0opt=1/V2=0.71. The thresholds chosen are 7/0p=0.5 (30% below this
maximum of 0.71), and 7/0,p,=0.33 (54% below the maximum). With the
0.5 threshold much of the sky is not covered. Lowering the threshold to
0.33 covers most of the sky with both detectors.

Figures 1.5 - 1.10 These maps show, at each point on the sky, the signal-to-
noise ratio o, averaged over polarization, that a source at that location
would have if measured from the least sensitive of the two sites, divided by
the signal-to-noise ratio g,y that the source would have if it were directly
overhead: Emin/oopt. As above, because of the polarization averaging, the
largest this ratio can be is 1/V2=0.71.
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SKY COVERRGE OF LSU-{0ANA
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