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Abstract

The solid earth tides, deformations in the Earths shape due to tidal forces from the moon and
sun, cause the arms of the aLLIGO interferometers to be deformed by up to 200 microns over
the course of a day, which far exceeds the locking condition of less than one nanometer of
longitudinal deformation. We have developed a program which can predict the deformation
introduced into the arms at any point in time, and have used these predictions to propose
modifications to the existing length control scheme, such that tidal effects may be reliably
removed without prior knowledge of their strength at a given time. We have also integrated the
prediction program into the control system such that tidal predictions may be monitored in real
time, or checked to determine whether they have affected the stability of the interferometer.
Herein, I also describe some future efforts that should be undertaken to improve prediction
accuracy, that may be performed at a more advanced commissioning stage.

1 Introduction

Gravitational waves, spacetime ripples caused by accelerating of mass, are incredibly weak phe-
nomena (as compared to their electromagnetic counterparts), with even the strongest signals cre-
ating local space-time strains many orders of magnitude smaller than the radius of an atom”. Ex-
periments which aim to detect such small effects thus entail the development of the most sensitive
instruments ever conceived by humanity, and have triggered studies of a wide variety of noise
sources which are normally too weak to affect the precision of other detectors, such as small
tremors caused by ocean tides or quantum laser fluctuation effects.

The Laser Interferometer Gravitational Wave Observatory (LIGO?) and sister projects VIRGO and
GEO have attempted to reach the sensitivities required to detect gravitational waves by constructing
the largest interferometers ever conceived; whereas Michelson and Morely were able to conduct
their experiment in a basement, these interferometers sit on many square kilometers, with the arms
of the LIGO interferometers reaching 4 km">.

Over the past 20 years, the LIGO interferometers have gone through multiple stages of commis-
sioning, testing, and operation, and despite impressive sensitivity achievements have yet to achieve
a single confirmed gravitational wave detection. The Advanced LIGO (aLLIGO) project represents
the second major update of the LIGO detectors, and if successful will finally achieve sensitivities
at which gravitational wave detection is a probabilistic certainty. If aLIGO fails to observe the
predicted level of gravitational wave events despite attaining its sensitivity goals, this will point an
as-yet unseen problem with Einstein’s general relativistic framework, as opposed to an experimen-
tal inadequacy.

The sensitivity requirements of gravitational wave detectors have required the development of
some of the most advanced noise reduction and isolation systems ever devised, and each successive
generation adopts more impressive hardware to decrease the amount of noise which can couple to
the interferometer signals. The development of this hardware, and the related control systems, has
entailed the study and modeling of all sorts of noise sources, and requires precision knowledge of
phenomena irrelevant to less sensitive or less extended experiments.

The solid earth tides represent one of the largest sources of noise in terms of magnitude which
must be considered to ensure long-term interferometer stability. Whereas a strong gravitational
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wave might produce a deformation in our detector on the order of 1077 meters (1072 fm)", tidal
deformations can have peak to peak magnitudes on the order of around 10~* m over a twelve hour
time period~. While these effects may be separated through frequency domain analysis (the grav-
itational waves under study in our detector occur with frequencies between 1 and 1000 Hz), such
large drifts in the interferometer arms would quickly destroy the sensitivity of the interferometer to
any signal. In order for the interferometer to resonate, both arms must maintain a length equal to
an integer number of laser wavelengths, and using an infrared laser, this means the arm can only be
deformed by fractions of a nanometer (10~° m) and still maintain a usable fraction of its maximum
sensitivity®.

The redeeming quality of the earth tides is that they are regular and fairly simple to model, and
could in principle be removed from the interferometer by counteracting the predicted effects, in a
method called feed-forward subtraction”. The purpose of this paper is to describe such a model,
present the development of a program built to simulate these earth tides, and discuss whether such
a feed-forward mechanism is strictly required in alLIGO, or whether we can create an adequate
feedback mechanism to remove tidal effects without the use of predictions. In addition, I discuss
future efforts which will be required to implement the changes I suggest herein.

2 The Effect of Earth Tides on the aLLIGO Interferometers

Following from the introduction, the natural first step of any alLIGO noise analysis is to develop
and test a model for the noise derived from first principles. The effect of the earth tides on our
interferometers has been previously studied in by Raab and Fine” and Morganson®, however I
have included in this analysis an additional, parallel model to the one presented there, based on the
same general theory discussed in Melchior® and Agnew'™",

In addition, I have verified and in some cases expanded the previous models, analyzing the as-
sumption made and commenting on them as they arise. In this section I describe the theory and
LIGO specific computation methods, and discuss the prediction program used to generate the tidal
signals I use to analyze the effect of the tides on the al.LIGO control systems. I additionally discuss
the integration of this program into the exiting control system structure for ease of future use and
analysis.

2.1 Tidal Potential

We obtain a functional form for the tidal potential by projecting the geometric potential (defined
in a relatively simple manner from figure (1)) into the space of spherical harmonics'?. We can then
eliminate the first two terms in the resulting sum, due to the first term being a constant (giving rise
to no force) and the second term being the orbital force. The third (n=2) term is thus the dominant
tidal component of the gravitational force due to additional 4 terms, where in our case r is always
<< d. This results in the following potential:

2 ((d)\
W(A) = D(g) (%) [coszecoszdcos 2H + sin 26 sin 26 cos H + 3( sin® @ — 1/3)( sin® 6 — 1/3)]

where (d) is the average object distance, ¢ and A are the latitude angle and longitude respectively,
0 = 90 — ¢ is the colatitude of the site, and ¢ is the declination of the external body (as seen in
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¢/ External Bady

Figure 1: Model of the three-dimensional system we use to calculate tidal deformations, with
separate geocentric coordinates for both the site and the body.

figure E[) The two other terms found here are Doodson’s constant, defined as

and the local hour angle, defined as
Hf)=wl' —a-2

where w is the sidereal velocity of the earth, ¢’ is the sidereal time, and « is the right ascension of
the body>*. For a more in depth derivation, I refer the reader to Melchior?; Agnew'”. For an in
depth discussion of the terms of this potential, please see Kurinsky'!

The main features to note before working with this potential are the time dependencies. We see
two explicit sinusoidal variations with respect to time of day, and one term which is in principle
constant. If the external bodies were stationary we would be able to ignore the constant term when
considering changing potential, as we do, and simply calculate the magnitude of each potential
component once.

However, the orbit of the moon about the earth and the orbit of the earth around the sun, combined
with the tilt of earth’s rotational axis, means these terms do vary with a time dependence related to
these two cycles; explicitly we should see twice monthly and twice yearly patterns at the very least,
and at times the moon and sun may cancel while at other times they may reinforce each other. For
this reason, in prediction we employ highly accurate position data for all external bodies, as will be
discussed in section These frequency components are of course only important on timescales
of a few days or more, however if we expect to be able to lock the al.IGO interferometers for days
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at a time they are nonetheless non-negligible, and they also affect the overall magnitude of the tidal
effect on a given date.

2.2 Love Parameterization

In order to employ our functional potential to predict solid earth tides, we must adopt a model
which relates the shape of the tidal potential to the earth deformation. Following the prevailing
literature, we adopt the parameterization of E.H. Love, and describe the earth as a solid, isotropic,
elastic solid, whose shape can be related to the potential by two dimension parameters [ and h
which we call love numbers according to the following formulae:

L) lewwy L oW
T g 0 T g 00 0 T gsin(@) a4

where the variables are as defined in the potential, g is the gravitational acceleration at r = a, and [
and h are in the range (0,1], with typical values 2 ~ 0.6 and [ ~ 0.08".

From this parameterization we thus have a way to compute deformation of earth’s shape in phys-
ically useful quantities. From these equations, we can then compute the deformation of each arm
of the LIGO interferometers, either by displacing the ends of the arms and measuring length dif-
ferentials, or by projecting tidal strains along each arm.

2.3 Displacement Method

The displacement method is the simplest conceptual extension of the Love parameterization to
calculate differential length, and requires multiple steps in order to compute only deformation
along the longitudinal axis of a given interferometer arm. For computational compatibility with
the strain method, discussed in the next section, the implementation of this method calculates the
position of the end test mass for each arm from corner station position, arm bearing, and arm
length, assuming the end stations lie on a perfectly spherical earth, as the earth is assumed in the
model in the absence of tidal forces. This gives us three points on the earth’s surface all at the
radius of the corner station in terms of latitude and longitude coordinates. I henceforth refer to the
displacement vector from the corner station to a given end station as L, as in figure 2} in cartesian
coordinates.

We will now consider only one arm at a time, as the calculations for each arm are independent.
First, we displace each point according to the equations presented in the previous section, employ-
ing the potential from section [2.1|in the love equations (the specific forms of the equations can be
seen in section[A.1). The displaced points are then converted to cartesian coordinates, and the dis-
placement vector L’ is computed. To get only the longitudinal displacement along the direction of
the initial beam path (L), we want to find |L’| cos(8), where 6 is the angle between the original and
final displacement vectors, or in other words, calculate the dot product of the vectors and divide by
the magnitude of L:

L-L

IL|

Lipne = L' cos(0) =
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Figure 2: On the top, we see a two-dimensional diagram showing the change in the displacement
vector when the mirrors move along with earth deformations; the solid line is the original position
on a non-deformed earth, and the dashed line is the deformed configuration. Below we see this
situation projected only along the dimension we are concerned with. The top and bottom are drawn
to scale with respect to each other, and we see that the projection of L’ is shorter than its original
length.

The deformation of a given arm is then:

ALy = L;()ng —|L]|
Thus we obtain a prediction for the arm length deformation only along the beam path. This method
is computationally simple, but may suffer from possible error propagation, due to multiple steps
involved, and due to the estimation of end station position, as opposed to requiring an independent
input of all three relevant test mass positions.

2.4 Strain Method

The strain method extends the love parameterization an additional step by computing the strain
tensor associated with the displacement vector, and then projecting the longitudinal components
of this strain (the diagonal matrix elements) along the length of an interferometer arm, assuming
strain is relatively unchanged and the arm lies in an approximately Cartesian plane”. This method
is computationally complex but requires a minimum of input parameters, just corner station loca-
tion, arm length, and arm bearing, on top of the positional data required for both methods. The
computation of the strain tensor however introduces a further unknown, which Melchior? calls n:

n = a((?h(r)) _on

a

or

Melchior? cites this new value to be ¥ —0.25. This however is a third parameter of the model
which incorporates a much less testable constant, that is the instantaneous rate of change of h with
height.

page 5



LIGO-T1300683—-v1

I discuss in more detail the strain method of deformation calculation in the first progress report™;
additional discussion, description, and derivation can be found in topical works by Melchior® and
Agnew'!’. See section for specific forms used and a brief summary.

2.5 Comparison of Methods

I described each deformation calculation method above, pointing out some of the advantages and
disadvantages of each as I did so. Comparing them directly, we can note a few difference which
might make one method more preferable than the other, given a specific situation. I mentioned that
the displacement method might suffer from high degree of error propagation and accuracy con-
cerns. This is due mainly to the fact that we compute two vectors on the order of a few kilometers
in magnitude, and then attempt to compute a deformation on the order of a few micrometers, test-
ing the limits of accuracy of some basic approximations used for the calculations; additionally, it
requires the computation of end station location, which is non-trivial given the spherical geometry
of the earth, a non-negligible factor in the position calculation.

If accuracy of computation can be trusted completely, the displacement method is much preferable
to the strain method, which, on top of adding additional model uncertainty in the form of an
extra parameter, makes use of a few assumptions which may not necessarily hold over the length
of the interferometer arms. Specifically, the strain method assumes that the strain is constant
over the 4km length of an arm and the only source of longitudinal displacement is from ground
deformation (the vertical deformation does not contribute). While these assumptions are valid
for a true strain measurement, using devices on the order of a few centimeters, their validity can
certainly be questioned for use on a 4km baseline. Determination of which method should be used
will inevitably be decided as the models are tested and validated; as described in sections @ and
[3.3] both are currently employed in parallel by the prediction code, and are present in the EPICS
system.

2.6 Common and Differential Modes

Using the model presented above, we can predict the magnitude and time dependence of the tidal
effects on each of the arms of the interferometer. There is a more convenient basis for expressing
these tidal deformations however, as it is more beneficial to make smaller adjustments in a variety
of ways, as opposed to trying to lengthen or shrink the arms by the full extent of the tidal dis-
placement. Instead of discussing deformation per arm, we calculate quantities called differential
and common mode deformation; these are quantities common to control systems in which one
effect may alter a variety of variables in various ways, and merely means we will separate the tidal
components which act constructively from those that act destructively™®; it can be thought of as
expressing the effects in a space defined by laser frequency as well as arm length, which allows us
greater freedom of movement within the space.

In our case, we define common mode AL* deformation as the mean of the deformation on each
arm, and differential mode AL~ deformation as the difference between the deformations on each
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arme:
AY + AX
ALY :+ 1)
AY — AX
AL =25 @)

where AY and AX are the deformations on the Y and X arms, respectively. Thus we can see that if
both arms are stretched by the same amount, only common mode deformation will increase, and if
they are stretched equally and in opposite directions, only the differential mode deformation will
increase. These definitions are merely used for convenience; they provide advantages over the use
of individual arm deformations that arise from our particular situation, which I will discuss in more
detail when I discuss noise suppression and tidal compensation in section 4]

3 Tidal Prediction

The utility of having the analytic model described in the previous section is that we can use it
to predict the tidal deformation of the interferometer at any given time, provided we know the
corner station location, arm bearings, and the position of the moon and sun relative to the earth at
a given time. In this section, I describe the prediction program created to evaluate these models
and construct time series of tidal deformation expectations, analyze the resulting predictions, and
discuss the integration of this prediction system into the data storage system alongside the signals
generated by the interferometer.

3.1 Prediction Program

As a first step to determining how best to compensate for tidal effects, I have created a tidal pre-
diction code, which uses the models from section 2] to predict how tidal deformations change over
a given time period. The program can employ one or both of the methods I have described, and in
the rest of this paper I discuss both methods at every step. The program has also been generalized
to apply to any of the aLLIGO sites, and may be easily ported for use at Livingston or in the future
India facility; in addition, preliminary support for GEO, VIRGO, and KAGRA has been added,
although arm length for a given site has not been taken into account for the calculations.

The program has been written in C, and employs command line arguments to specify prediction
time range, and environment variables to specify site, prediction mode, and other relevant settings.
I describe an earlier version of the program in detail in Kurinsky'!, and refer the reader there for
information about the internal structure of the program and details on its invocation; additionally,
more information can be found on the Tidal Prediction aWiki page'%.

3.2 aLIGO Tidal Signals

Using this tidal prediction program, I have generated predictions for timescales of one day, two
months, and ten years, and have plotted the daily and monthly tides, as well as a power spectrum
computed using the ten-year predictions; these can be seen in figures [3| 4] and 5
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Daily Tides (Julian Day: 2456519)
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Figure 3: Graph of tidal deformations for an average 24 hour period, using both calculation meth-
ods.

In the daily spectrum, we can see both the daily and twice daily tidal components, and also not
some similarities and discrepancies between the two prediction methods. Towards the middle of
the day, the X arm and the common mode signals are almost exactly the same for each model,
while the differential mode signal is discrepant over the entirety of the time range, and the Y arm’s
agreement between models is tenuous at best.

Turning to the monthly plot, we can note a few more discrepancies. The differential mode defor-
mation seems to vary between prediction methods only in overall magnitude, however the arm and
common mode deformations are of much larger magnitude and seem to carry a slightly different
time dependence, possibly due to the fact that one method takes into account spatial effects (the
external body’s position is dependent on corner and end station location) whereas one does not.
This is one aspect of the models which should be relatively easy to test through comparison to
real data, when it can be made available. From a preliminary check by eye from a similar plot in
Adhikari®, it would seem that this does not happen, although that analysis was performed using
LLO data whereas these are predictions for the LHO interferometer.

In the monthly plot we also notice that the common mode signal is much greater for the displace-
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Daily Tides (Julian Day: 2456519)
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Figure 4: Graph of tidal deformations for a 60 day period using both computation methods, illus-
trating the effect of lunar cycles on tidal deformation. Displacement predictions are offset from 0
by a constant for convenience of comparison.

ment prediction method than the strain method, and the opposite is true of the differential mode
signal. My hypothesis is that this is due to coupling of radial displacement to longitudinal deforma-
tion, however this has yet to be tested. The discrepancies lead in any case to the conclusion that in
order to trust either model, some sort of comparison to real data is required, which at the moment
is unavailable due to the early stage in commissioning during which this project was performed; I
will discuss validation issues in more detail in section

The real take away from these two plots is that, if we were to make a numerical model for a given
day, we could use a model consisting of the sum of a once daily and twice daily sine wave, and
fit parameters controlling the relative magnitude of these waves as well as the overall magnitude
of the tidal effect. The only true unknown, discrepant aspect of this model is in fact the time
dependence of the coeflicients of these waves; the daily periodicity of the waves is the same for
both models.

Extending this thought process to a tidal frequency analysis, we can see the range of frequencies at
which tidal deformations are to be found in figure [5] This gives us a decent idea of the frequency

page 9



Amplitude [um/Hz"? ]

Amplitude [pm/Hz/?]

LIGO-T1300683—-v1

Daily Tides FFT, Beginning on Julian Date 2456468
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Figure 5: Power spectrum of the tidal displacements, using predictions over a ten-year time-scale.
Here we see well defined peaks for daily and twice daily fluctuations, as well as various monthly
harmonics from lunar motion (solar harmonics also occur at lower frequencies).

range we must analyze in determining how well tidal effects can be removed through various
compensation schemes. Here we can see the various daily and twice daily modes, as well as
frequencies derived from lunar position variation; solar variations are too low frequency to be seen
in this particular plot, and in any case are much weaker than solar harmonics, which dominate the
magnitude of the tidal effects.

3.3 EPICS Integration

The tidal prediction program in its current form has also been coded into a device support module
for EPICS, and is capable of running continuously, generating predictions for the x arm, y arm,
common and differential mode deformations predicted by each method given current system time.
In the present form the program can mainly be used as a monitor, and can easily be compared to
other interferometer signals with the various data analysis tools found on the control room comput-
ers. The signals themselves have been given the tag HO : PEM-TIDAL, followed by the method used
(_STRAIN or DISP) and then the signal (_.CARM, DARM, YARM, or _XARM). For more details on
the implementation and functionality of this epics module, see appendix section [B] Much of this
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information can also be found on the Tidal Prediction aWiki page.

4 Tidal Suppression in aLIGO

I described in the introduction how many different systems exist to combat various types of exper-
imental noise, and the importance of such systems for the sensitivity of aLIGO. In many alLIGO
sensitivity analyses (such as those in Adhikari®) only the 1-10° Hz range is analyzed, as this is
the frequency regime of in which the aLIGO interferometers are capable of detecting gravitational
waves and thus the regime in which highest sensitivity is required. In this regime, there are many
systems, including the immensely complex passive and active suspension systems, which work to

filter out various sources of noise arising from seismic and thermal origins ¢

At the ultra-low frequencies of the tidal effects, there is only the active portion of the Length
Sensing and Control (LSC'?) system, which is responsible for maintaining the interferometer in a
null, stationary state. In this section, I will briefly outline the control scheme employed by the LSC
system through which tidal effects would be felt, and then analyze the ability of the LSC system
to compensate for tidal effects in light of the prediction from the previous section. I will then
describe the modifications which will be necessary to ensure tidal effects are properly removed
from the interferometer.

4.1 Length Sensing and Control (LSC)

A schematic diagram of the components of the LSC signal paths sensitive to near-DC effects can
be seen in figure [0} Looking at this diagram, it becomes clear why earlier I opted to introduce
common and differential mode signals instead of using solely arm deformations; these are signals
which naturally emerge from different portions of a Michelson interferometer.

The differential mode loop exists at the ’dark™ port, or the traditional output of the interferometer,
and the deviation of the interferometer from the operating point is determined by a DC readout
method'®. In essence, this entails monitoring the fraction of laser power which travels from the
input of the interferometer to its output, and in the absence of any sort of signal (in the null state)
the difference between this level and the selected operating point is zero; In other words, how far
the phase difference between the incoming beams is from the desired phase difference.

The differential mode control scheme is thus to extract the difference of normalized output power
from the operating point, find the deviation from the operating point, and adjust the end test masses
accordingly and in opposite directions. We select a non-zero operating point in order to linearize
this error signal, which allows for determination of the sign of the compensation signal.

The common mode loop is far more complicated, as it has more jobs than merely compensating
for arm length error. Error signals in the common mode loop are obtained through RF methods
(specifically, the PDH locking method™), and there are three in total: one at the symmetric port
(after the input mode cleaner or IMC), one measuring distance from resonance of the IMC itself,
and one measuring distance from resonance of the main laser from a high-finesse optical reference
cavity.

Essentially, the common mode error signal (the first of the three) causes the IMC to be lengthened
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Figure 6: A schematic diagram of the LSC system, showing only paths that would allow near-DC
effects such as tidal effects to propagate (here I exclude only one path with a high-pass filter, and
do not show the Power Recycling and Signal Recycling cavities for the sake of simplicity). Here
the reader can see the common mode compensation portion on the left, and the differential mode
compensation towards the bottom right; it should be noted that the differential mode segment will
also be responsible for registering gravitational wave events.

or shortened to accommodate a slightly different resonant laser frequency, which in turn causes the
laser to adopt this new frequency as the carrier frequency. The reference cavity’s main function is
to clean the laser in the frequency domain, although temperature changes of the reference cavity
will change its resonant frequency slightly and passively add to or reduce common mode error (this
correlation is discussed in Kurinsky'?).

In this way the LSC system is able to separately determine common and differential mode defor-
mations and compensate them separately, and thus we will be able to use the prediction common
and differential tidal deformations to evaluate the ability of this system to counteract tidal effects.

4.2 Evaluating LSC Tidal Compensation

Referring back to the predictions presented in section[3.2] we adopted what we considered a "worst
case” tidal effect to use as the test case when analyzing LSC response to a tidal signal. This worst
case effect was determined to be a peak-to-peak variation of 300 microns in a twelve hour period
for the common mode loop, and 100 microns in a twelve hour period for the differential mode
loop. These estimates represent about twice the magnitude of even the largest predictions and thus
provide a decent buffer for the real signals; if the LSC loops can handle such a signal, they should
have no problem handling tidal deformation.
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4.2.1 Differential Mode Compensation

We first analyze the differential mode path in figure [f| for both frequency response and magnitude
limitations. The DC readout is not frequency dependent, and all signal path filters are low pass
filters with poles much higher than any frequency of interest. The DARM filter and servo path is
not as simple, however the analysis of the same path during ALS characterization in Kurinsky1®
showed that this path is stable over all frequencies of interest; in addition, the end test mass ac-
tuators have a range of 1000 microns, thus the differential mode loop passes both tests of tidal
compensation adequacy.

4.2.2 Common Mode Compensation

The common mode compensation path seems more complex on its face, however we can make
some simplifying assumptions which reduce the analysis to a simple back of the envelope calcula-
tion. First, the PDH method has no limitations in frequency or magnitude domain with respect to
tidal effects, and thus the three error signals are unbiased. We can also safely assume that the IMC
and reference cavity are responsive over the entire tunable range of the PSL, which in turn can be
made to initially resonate for length variations of much larger magnitude than tidal effects. These
are reasonable assumptions which match design goals.

This reduces the problem to determining how well the frequency of the laser may be adjusted.
This is limited by the tunable range of the VCO controlling the AOM adjacent to the reference
cavity; the range for this VCO is approximately 2 MHz. This is the limiting criterion as this error
signal forces the laser frequency to follow changes in the input mode cleaner through the IMC
error signal. This is also the component with the smallest dynamic range.

If the interferometer is to remain in lock, it must resonate at the same mode, and thus the required
change in PSL frequency to compensate for a 300 micron tidal deformation is given by

Af:f(l_L+AL

where f ~ 285 THz, the PSL frequency. This is an order of magnitude larger than VCO adjustable
frequency range, and thus the common mode loop as it exists currently will be quickly saturated
by tidal deformation.

)z 23 MHz

Despite the magnitude inadequacy, it should be noted that the common mode loop does not have
any frequency limitations, as its filters and transfer functions are flat at the frequencies of interest.

4.3 Proposed LSC Modifications

In light of the previous section, we propose that the LSC be modified with an additional control
loop capable of offloading tidal deformations to the end test mass actuators, which, as discussed
for the differential mode, are more than adequate to handle any of the predicted tidal signals. This
additional loop should consist of a low pass filter with a pole around 1 mHz, and a gain much larger
than the common mode loop at low frequency such that at the frequencies of interest, the new loop
dominates the feedback mechanisms. This proposed loop can be seen in figure

The commissioning of such a loop would entail characterizing the crossover between the existing
and proposed loops, and verifying that no other ultra-low frequency signals exist near the crossover
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Figure 7: LSC system with the addition of the proposed control signal.

which may lead to a control systems instability, but in principle this loop should be able to offload
tidal effects successfully, as none of the existing hardware preclude such a loop from being suc-
cessful.

5 Initial Results and Validation

The largest problem faced during this project was the lack of available data capable of being used
to validate the prediction models or test the long-term stability of the current offloading scheme.
Early on, I attempted to use locking data obtained during the half interferometer test'” to see if the
end test mass drift matched predictions, however the lack of active compensation for temperature
related PSL frequency shifts made the locks unstable, and therefore no lock lasted long enough
or was stable enough to produce data useful for this purpose'®. A short attempt to use data from
the sixth science run of LIGO was also made, however we were unable to determine a time range
corresponding to a lock of sufficient duration for testing.

The LSC system was completely unavailable for testing for much the same reason, as it relies on
the interferometer outputs which an nonexistent in the absence of two fully functional arms. The
infrastructure for the system is setup, however, so the frequency and magnitude analysis was largely
based on actual data; other outstanding questions will naturally be solved during LSC testing when
both arms are operational, at which point the models may also be tested.

Due to these reasons, the majority of the validation efforts are left to a future project at a later
step in the commissioning process. The various efforts I made can be read about in more detail in
Kurinsky™"¢, and details of steps I think should be taken in the future are discussed in section

page 14



LIGO-T1300683—-v1

6 Conclusion

The solid earth tides introduce long period noise into the interferometer at a magnitude which
ensures that, without proper compensation, longterm locking will be impossible. I have conducted
and presented a thorough analysis of the basic theory of earth tides, as it applies to aLIGO, in this
paper and my previous reports™*1®!® and have produced a standalone prediction code capable of
predicting this effect in real time through two distinctly different approaches.

The main goal of this project was to determine whether we could correct for tidal effects through
feedback mechanisms, or whether a feedforward system was necessary to remove the predicted
effects. Through analysis of both the ALS and LSC systems, we have determined that a simple
modification to the current feedback scheme is all that is necessary to effective compensate for
tidal effects.

In order facilitate future use of the prediction code and allow operators to monitor tidal predictions,
I have integrated the prediction program into the existing control system. The prediction code runs
continuously, and computes the four signals by both methods, with each having an associated
EPICS signal. The thought behind this was that, during operation, tidal predictions may either be
monitored, or can be checked to see if they are correlated with loss of lock. In addition, if at a
future time it is determined that a feed-forward system is necessary, implementation of this system
will be relatively straightforward on the prediction end.

From the information presented earlier in this paper, it is clear that the prediction code is not
complete, as the validation has yet to be performed, and the LSC modification must also be im-
plemented. I have provided details of a few future efforts which I believe to be worthwhile in the
following section.

7 Future Directions

Following from this work and the decisions made herein, there are a few areas which should be
revisited as the commissioning process of alLIGO comes closer to completion. First, and most im-
portantly, the proposed LSC modification should be reviewed, and if approved should be designed,
characterized, implemented, and tested, such that long-term lock is indeed possible. Additionally,
with this system in place, the predictions should be compared to observed DC LSC control signals
to determine which model is more accurate, if either. Additionally, the models should be able to
account for drifts seen in initial and enhanced LIGO, and predictions should be compared to past
data as well.

At the very least, even without validation, the current predictions should be at least a good in-
dication of the time dependence of tidal effects and general daily strength, only discrepant from
true tides by relative contribution of daily and twice daily tides. Any small discrepancies could
possibly be resolved by further refinement of input parameters, specifically position of the corner
station and arm bearing, as there have a large effect on the prediction due to the directional nature
of the tidal effects.
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A Tidal Deformation Terms

This section merely serves as a reference for those interested in the analytic forms of the tidal
equations as employed in the prediction program; for a strain derivation, see Melchior® and Raab
and Fine®. The displacement forms should be straightforward calculations from the equations
presented in the main text.

A.1 Displacement

These displacements should be added to position of the site in geocentric coordinates to get the
new location of the site.

2
u, = 3hGMor” (cosz(e) cos*(8) cos(2H) + sin(26) sin(26) cos(H) + 3 (Sinz(g) - l) (Sinz(é) - l))
dgd? ’ ’
g = 3fgﬁd (‘ sin(20) cos™(8) cos(2H) + 2 cos(26) sin(2) cos(H) + 3 sin(26) (Sinz(‘s) i} %))
up = % (2 cos*(6) cos*(6) sin(2H) + sin(26) sin(25) sin(H))

In the above, My, is object mass, and all other terms are as defined in the text. The units of radial
displacement is meters while the other two terms are in radians.

A.2 Strain

The total strain due to a the tidal effects is the sum of three distinct strain components, a constant,
daily, and twice daily term, also called the Zonal, Tesseral, and Sectorial components of the strain,
respectively:

e Tesseral Strain:
dr = |(17c0s’(2) + (h = 41) cos B + (h - 21) sin” B) cos H
- (21—C°SB sing ) sin H]

cosf

2 3
X D (I) (2) sin29sin26]

ag \a
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e Sectorial Strain:

dg {[7] cos?(z) sin’(0)
(hsin 6+ 21(1 - 2sin” 6)) cos” B
(nsin 6 = 21(1 + sin’6)) sin® B| cos 2H

[(4lcos 0)sinBcos B]sin2H}

R

+
+
—+

X

e Zonal Strain:

d; = {n(cosz(e) —1/3)cos*(z)
h(cos*> @ — 1/3) — 2l cos 26’] coszﬁ
h(cos®> @ — 1/3) — 2l cos? 9] sinz,B}

2 (e (o o)

In the above, g is the gravitational acceleration at earth’s surface, c is the mean earth-body distance,
a is the mean earth radius, 8 = 7/2 — ¢ is the colatitude of the site, and cos8 = sin(z) cos(¥)
(sinB = sin(z) sin(y)), where ¥ is the bearing of the beam in degrees (i = 0 corresponds to due
north) and z is the zenith angle between the site and the object (z = 6 — ). The rest of the variables
are as defined for the potential, or are /, &, or n, the love numbers. The deformation resulting from
this strain is the strain multiplied by the length of an arm.

+|
+|

X
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B EPICS Integration Details

The tidal prediction code discussed in the text has been simplified and inserted into an EPICS
support module, such that an IOC may use this module to produce signals readable by the LIGO
EPICS related utilities. The modified program control converts current system time into Julian
date, and then runs the tidal predictions by both methods, storing the results in a global structure,
along with the system time. These are then readable by the IOC through a function call. The IOC
in turn runs repeatedly, querying the module for updated values in regular intervals.

The signals generated by the IOC have been categorized under the Physical and Environmental
Monitoring group, and have the following labels:

HO : PEM-TIDAL_STRAIN_CARM
HO : PEM-TIDAL_STRAIN_DARM
HO:PEM-TIDAL_STRAIN_XARM
HO:PEM-TIDAL_STRAIN_YARM
HO :PEM-TIDAL_DISP_CARM
HO:PEM-TIDAL_DISP_DARM
HO:PEM-TIDAL_DISP_XARM
HO:PEM-TIDAL_DISP_YARM
HO:PEM-TIDAL_UNIXTIME

These signals can be read in real time with utilities like StripTool, but are also stored in the frames
and can be viewed with dataviewer; a few days of frames data from the time of this writing can be
seen in figure 8| For system specific details, refer to the the Tidal Prediction aWiki page'? and the
hOtidal LHOCDS Wiki Page!®.

Despite these Hanford specific details, we have developed an IOC for livingston as well, and both
the location of the ephemeris file and the site to be used for prediction are passed to the support
module at startup; these are found in the IOC st.cmd file. This same infrastructure may thus
easily be implemented at Livingston at a later date if desired, and India as well, with minor code
modification to add site details.
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Figure 8: Example of the EPICS signals from long-term memory, displayed using dataviewer, for
a three day time range.
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