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Advanced LIGO status
S Dwyer for the LIGO Scientific Collaboration

Abstract. Advanced LIGO is currently in the final stages of installation and early
commissioning. In the design of Advanced LIGO a key goal was the ability to detect gravitational
waves from compact object binary inspirals, as these are thought to be the most likely candidates
for early detections with ground based interferometers. Special emphasis has been placed on
improving the low frequency sensitivity relative to the first generations of LIGO, in addition to
improving the high frequency sensitivity by increasing the laser power. The interferometer in
Livingston Louisiana has been locked (continuously held within the linear operating range) and
noise investigations have begun, and the major installation activities for the interferometer at
Hanford, Washington are completed.

1. Features of Advanced LIGO

During the successful science observation runs of Initial and Enhanced LIGO, several changes
to the LIGO instruments were identified which were needed to build instruments with a high
probability of detecting gravitational waves. A new interferometer, called Advanced LIGO, has
been designed and built in the LIGO infrastructure based on these lessons learned during Initial
LIGO. A major improvement in Advanced LIGO is in the reduction of seismic noise. The design
calls for 10 orders of magnitude attenuation of ground motion at 10 Hz. Advanced LIGO relies
on seven stages of isolation to achieve this: an external stage which relies on inertial sensors and
hydraulic actuators for active control of large low frequency drifts, two internal stages which
employ a combination of passive isolation and active isolation [2, 3, 4], and four pendulum stages
used to suspend the test masses which provide passive isolation above the pendulum resonances
from 0.5-2 Hz [5, 6]. These seven stages together are designed to improve the sensitivity at 30
Hz by 4 orders of magnitude compared to initial LIGO and to extend the low frequency limit
of LIGO’s observation band down to 10 Hz, as shown in the noise budget in Figure 1. This
low frequency sensitivity will be critical for the detection of gravitational waves from compact
binary inspirals.

In the intermediate frequency range, Brownian motion of the suspensions and the optical
coatings are the dominant noise sources. To reduce mechanical dissipation in the suspensions,
and therefore thermal motion of the test mass, the final suspension stage is one continuous
assembly of fused silica elements. This creates a resonator with low mechanical losses and a
quality factor estimated to be around 1 billion for the violin modes of the suspension fibers [7].
The beam size on the highly reflective end test masses has also been increased in Advanced
LIGO compared to initial LIGO to reduce the impact of Brownian noise from optical coatings
by averaging over a larger area of the coating surface.

At high frequencies, shot noise will be the dominant noise source. Advanced LIGO aims to
improve the shot noise limited sensitivity by using up to 125 W of input power [8, 9], along with
power and signal recycling [10]. With 125 W of input power, the arm cavity circulating power
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Figure 1. Noise sources for Advanced LIGO design sensitivity. Additional technical noise
sources will make contributions to the noise performance, by design at the level of approximately
10 % [1]

is expected to be 800 kW, increased from 40 kW in Enhanced LIGO [11]. This high circulating
power will pose several challenges, one of which is thermal lensing of optics due to absorption.
A thermal compensation system has been designed to cancel the thermal lensing using a COs
laser projected onto a compensation plate and a heating element on the outer radius of the
test masses. Hartmann sensors have been installed to sense the thermal lensing of each optic
individually[12], which allows the possibility of locally controlling the curvature of each optic
independently. A second challenge posed by high power operation is the increased radiation
pressure force on the optics. The mass of the test masses in Advanced LIGO has been increased
to 40 kg to reduce the displacement caused by this radiation pressure force.

Advanced LIGO will use a signal recycling mirror for broadband resonant sideband extraction.
In this scheme the signal sidebands created by a gravitational wave in the arm cavities are
extracted towards the interferometer dark port, so that the number of round trips the signal
sidebands make in the arms is reduced [13]. For the next several years this will be used with
no detuning, allowing for a broadband sensitivity and simplified operation. The reduction of
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shot noise with squeezed light injection has been demonstrated in Enhanced LIGO and at GEO
[14, 15], and if implemented as anticipated in Advanced LIGO will further improve the shot
noise limited sensitivity.

2. Lock Acquisition

The sensors used to measure the length degrees of freedom in ground based interferometers
have very narrow linear operating ranges. This means that lock acquisition can be a difficult
challenge for ground based interferometers, where five length degrees of freedom and many
angular degrees of freedom must all be within a narrow range before the signals used to control
them become available [17]. Each of these degrees of freedom are also coupled, so that vertex
degrees of freedom disturb the sensors used to control the arm degrees of freedom and vice versa.
Advanced LIGO has employed a new technique using a second frequency of laser light (doubled
Yag, 532 nm green light) to stabilize the arm degrees of freedom and continue to stabilize them
while holding them off resonance from the main laser [18, 19]. The vertex degrees of freedom
are then stabilized using sensors that are relatively insensitive to the arm degrees of freedom.
Once all degrees of freedom are controlled by these decoupled sensors, which have relatively
poor noise performance, the arm cavities are brought on resonance and controls switched in a
controlled way to the highly coupled, low noise sensors used for gravitational wave detection.
This system was designed to speed up the lock acquisition process and improve the duty cycle
by making the locking sequence more robust. The performance of this lock acquisition sequence
has now been demonstrated in both Advanced LIGO interferometers [20].

The Advanced LIGO detector in Livingston, LA was fully locked for the first time in June
2014, a significant milestone for advanced gravitational wave detectors. These first locks have
been followed by rapid progress in noise reduction. The last major installation activities for
the interferometer at Hanford, WA are being completed in July 2014 with the first attempts at
locking the full interferometer expected to take place starting in September.

3. Outlook

Now that Advanced LIGO has achieved the first locks of one full interferometer, the focus will
be on improving noise performance in preparation for the first observing runs. In the coming
years the schedule will be designed to increase the likelyhood of making an early detection of
gravitational waves. While the chances of detection increase with the cube of improved detector
performance, time spent commissioning the instruments must be balanced against time spent
collecting data, especially in light of uncertainty in the estimates of event rates [21]. An early
short observing run is planned for late 2015, when the range for binary neutron star inspirals
is significantly better than Enhanced LIGO’s range, between 40-80 Mpc [22]. This run will be
followed by a series of longer observing runs at improved sensitivities with the goal of making a
first direct detection of gravitational waves.

4. Acknowledgments

The authors gratefully acknowledge the support of the United States National Science
Foundation for the construction and operation of the LIGO Laboratory and the Science and
Technology Facilities Council of the United Kingdom, the Max-Planck-Society, and the State of
Niedersachsen/Germany for support of the construction and operation of the GEO600 detector.
The authors also gratefully acknowledge the support of the research by these agencies and by
the Australian Research Council, the Council of Scientific and Industrial Research of India, the
Istituto Nazionale di Fisica Nucleare of Italy, the Spanish Ministerio de Educacion y Ciencia,
the Conselleria dEconomia, Hisenda i Innovacio of the Govern de les Illes Balears, the Royal
Society, the Scottish Funding Council, the Scottish Universities Physics Alliance, The National



10th International LISA Symposium (LISAX) IOP Publishing

Journal of Physics: Conference Series 610 (2015) 012013 doi:10.1088/1742-6596/610/1/012013

Aeronautics and Space Administration, the Carnegie Trust, the Leverhulme Trust, the David
and Lucile Packard Foundation, the Research Corporation, and the Alfred P. Sloan Foundation.

References

[1]
[2]
[3]
[4]

[5]

GWINC, Gravitational Wave Interferometer Noise Calculator, version 3 URL https://awiki.ligo-wa.
caltech.edu/aLIGO/GWINC

F Matichard et al 2014 URL arXiv:1407.6377

F Matichard et al 2014 URL arXiv:1407.6324

F Matichard et al 2013 Proceedings of ASPE conference on Precision Control for Advanced Manufacturing
Systems

Aston S M, Barton M A, Bell A S, Beveridge N, Bland B, Brummitt A J, Cagnoli G, Cantley C A, Carbone
L, Cumming A V, Cunningham L, Cutler R M, Greenhalgh R J S, Hammond G D, Haughian K, Hayler
T M, Heptonstall A, Heefner J, Hoyland D, Hough J, Jones R, Kissel J S, Kumar R, Lockerbie N A, Lodhia
D, Martin I W, Murray P G, ODell J, Plissi M V, Reid S, Romie J, Robertson N A, Rowan S, Shapiro
B, Speake C C, Strain K A, Tokmakov K V, Torrie C, van Veggel A A, Vecchio A and Wilmut I 2012
Classical and Quantum Gravity 29 235004 URL http://stacks.iop.org/0264-9381/29/1=23/a=235004

Carbone L, Aston S M, Cutler R M, Freise A, Greenhalgh J, Heefner J, Hoyland D, Lockerbie N A, Lodhia
D, Robertson N A, Speake C C, Strain K A and Vecchio A 2012 Classical and Quantum Gravity 29 115005
URL http://stacks.iop.org/0264-9381/29/i=11/a=115005

Cumming A V, Bell A S, Barsotti L, Barton M A, Cagnoli G, Cook D, Cunningham L, Evans M, Hammond
G D, Harry G M, Heptonstall A, Hough J, Jones R, Kumar R, Mittleman R, Robertson N A, Rowan S,
Shapiro B, Strain K A, Tokmakov K, Torrie C and van Veggel A A 2012 Classical and Quantum Gravity
29 035003 URL http://stacks.iop.org/0264-9381/29/i=3/a=035003

Kwee P, Bogan C, Danzmann K, Frede M, Kim H, King P, P6ld J, Puncken O, Savage R L, Seifert F', Wessels
P, Winkelmann L and Willke B 2012 Opt. Ezpress 20 10617-10634 URL http://www.opticsexpress.org/
abstract.cfm?URI=0e-20-10-10617

Winkelmann L, Puncken O, Kluzik R, Veltkamp C, Kwee P, Poeld J, Bogan C, Willke B, Frede M,
Neumann J, Wessels P and Kracht D 2011 Applied Physics B 102 529-538 ISSN 0946-2171 URL
http://dx.doi.org/10.1007/s00340-011-4411-9

Arain M A and Mueller G 2008 Opt. Express 16 10018-10032 URL http://www.opticsexpress.org/
abstract.cfm?URI=oe-16-14-10018

Dooley K L, Barsotti L, Adhikari R X, Evans M, Fricke T T, Fritschel P, Frolov V, Kawabe K and Smith-
Lefebvre N 2013 J. Opt. Soc. Am. A 30 2618-2626 URL http://josaa.osa.org/abstract.cfm?URI=
josaa-30-12-2618

Brooks A F, Hosken D, Munch J, Veitch P J, Yan Z, Zhao C, Fan Y, Ju L, Blair D, Willems P, Slagmolen B
and Degallaix J 2009 Appl. Opt. 48 355-364 URL http://ao.osa.org/abstract.cfm?URI=ao-48-2-355

Mizuno J, Strain K, Nelson P, Chen J, Schilling R, Rdiger A, Winkler W and Danzmann K 1993 Physics
Letters A 175 273 — 276 ISSN 0375-9601 URL http://www.sciencedirect.com/science/article/pii/
037596019390620F

LIGO Scientific Collaboration 2013 N Photon 7 613-619

Grote H, Danzmann K, Dooley K L, Schnabel R, Slutsky J and Vahlbruch H 2013 Phys. Rev. Lett. 110(18)
181101 URL http://link.aps.org/doi/10.1103/PhysRevLett.110.181101

Evans M, Barsotti L, Kwee P, Harms J and Miao H 2013 Phys. Rev. D 88(2) 022002 URL http:
//link.aps.org/doi/10.1103/PhysRevD.88.022002

Izumi K, Sigg D and Barsotti L. 2014 Opt. Lett. 39 5285-5288 URL http://ol.osa.org/abstract.cfm?URI=
01-39-18-5285

Mullavey A J, Slagmolen B J J, Miller J, Evans M, Fritschel P, Sigg D, Waldman S J, Shaddock D A and
McClelland D E 2012 Opt. Ezpress 20 81-89 URL http://www.opticsexpress.org/abstract.cfm?URI=
oe-20-1-81

Izumi K, Arai K, Barr B, Betzwieser J, Brooks A, Dahl K, Doravari S, Driggers J C, Korth W Z, Miao
H, Rollins J, Vass S, Yeaton-Massey D and Adhikari R X 2012 J. Opt. Soc. Am. A 29 2092-2103 URL
http://josaa.osa.org/abstract.cfm?URI=josaa-29-10-2092

A Staley et al Under Review

Abadie J et al. 2010 Classical and Quantum Gravity 27 173001+ ISSN 0264-9381 URL http://dx.doi.org/
10.1088/0264-9381/27/17/173001

LVC 2013 Prospects for localization of gravitational wave transients by the Advanced LIGO and Advanced
VIRGO observatories URL arXiv:1304.0670v1



