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Figure 12. Result of surface brightness fitting for the HST images of NGC3227, NGC3516, NGC4051, and NGC4151. Shown are the HST/ACS images corrected for
the geometric distortion (left panels), the model images of host galaxy+PSF (second left panels), the residual images calculated by subtracting the host-galaxy model
from the nucleus-free images (second right panels), and the nucleus-free images calculated by subtracting the distortion-uncorrected model PSF from the original
HST/ACS images then correcting them for the geometric distortion (right panels). All images are aligned as the north is up and the east is left.

a convergent result with any initial values of the parameters.
We performed the galaxy decomposition by setting almost all
parameters to be fitted except for the disk parameters. Since
the disk parameters often converged at unrealistic values or
diverged without any restriction, we fixed the disk center at
the nucleus location and constrained the disk scale length and
axis ratio within the respective ranges that were defined from
the major and minor isophotal diameters of the target galaxy
taken from NED. However, we adopted the best-fit disk scale
length to be much smaller than those expected from the isophotal
diameter for NGC 3516, NGC 4593, and 3C120, because small-
scale structure in the central region with complicated profile
seemed to be practically fitted by an exponential profile for
NGC 3516 and NGC 4593 (Ferruit et al. 1998; Kormendy
et al. 2006), and because the isophotal diameter of a bulge-
dominated galaxy would not be a good indicator for the disk
scale length for 3C120. Initial values of the parameters were
set at those roughly estimated with IRAF, and then slightly
different values were selected to examine how final values of
the parameters varied with different initial values. The sky level
of the parameters was fitted with its initial value set to be
zero. When the fitted values were unrealistic, the best-fit values
were searched for by changing the sky level manually, until the
resultant sky fluxes were found to be comparable with those
calculated from the HRC user’s manual. Finally, we adopted the
values of parameters that minimized the reducedχ2. Figures 12–
14 show the best-fit and residual images of the HST data.
The best-fit parameters of the galaxy components are listed in
Table 4.

3.2. Decomposition of MAGNUM Images into AGN and
Host Galaxy

To accurately estimate the host galaxy, we selected a mod-
erate number of observations for each target and filter from
MAGNUM monitoring data taken under good and stable seeing
conditions and in the AGN-faint phase. The PSF image was
made from the images of nearby reference stars for each target
AGN. These stellar images were not taken simultaneously with
the AGN images, so stable seeing was required for accurate fit-
ting. In this way, more than five nights of images were selected
in each band, although for some AGNs fewer than five nights
were selected in each band because of the lack of appropriate
data. Then, we combined the AGN images and stellar images
from each night, respectively, to increase the signal-to-noise ra-
tio and clipped the field region that is the same as the HST field
for each AGN.

These combined and clipped images of target AGNs for each
night were fitted to the PSF made as described for the nucleus
component and to analytic functions for the galaxy component
of bulge and disk, with the parameters of host-galaxy shape
(scale length and axis ratio) fixed at the best-fit values of the
surface brightness fitting using the HST data. The sky level was
fixed at the mean sky value of reference star images. When χ2

was obviously large, we did not fix the disk scale length. This
occurred mainly in the B and I images, probably because of
possible radial color gradient in a galaxy, arising either from
stellar population gradient or from metallicity gradient (e.g., de
Jong 1996; Taylor et al. 2005). However, this had eventually little
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Fig. 4.— (Top) The 2–10 keV flux light curve of the main hard PL continuum (filled circles),

and that of the reflection component including the Fe-Kα line, after multiplying by 5 (open

circles), both corrected for absorption. (Bottom) A light curve of the B-band flux density of

the NGC 3516 nucleus, derived by applying the differential image photometry to the data of

the Pirka (red), Kiso Schmidt (green), Nayuta (blue), and the Kanata telescope (cyan). The

g′-band flux density obtained by the MITSuME telescope (magenta) is also plotted, with an

offset of 0.5 mJy added after being scaled (see text).
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Figure 1.The Robo-AO laser adaptive-optics system. The adaptive optics and science instruments are installed at the 
Cassegrain focus of the robotic 60-inch telescope at Palomar Observatory. The laser system and support electronics are 
attached to opposite sides of the telescope tube for balance. 

 
and an uplink tip-tilt mirror to both stabilize the apparent laser beam position on sky and to correct for telescope flexure. 
A bi-convex lens on an adjustable focus stage expands the laser beam to fill a 15 cm output aperture lens, which is 
optically conjugate to the tip-tilt mirror. The output lens focuses the laser light to a line-of-sight distance of 10 km. 
Within the adaptive-optics instrument, a high-speed beta-BaB2O4 Pockels cell optical shutter (FastPulse Lasermetrics10) 
is used to transmit laser light only returning from a ~400-m slice of the atmosphere around the 10 km projector focus, 
resulting in the laser appearing as a spot. Switching of the Pockels cell is driven by the same master clock as the pulsed 
laser, with a delay to account for the round trip time of the laser pulse through the atmosphere. 
 The ultraviolet laser has the additional benefit of being invisible to the human eye, primarily due to absorption 
in the cornea and lens11. As such, it is unable to flash-blind pilots and is considered a Class 1 laser system (i.e. incapable 
of producing damaging radiation levels during operation and exempt from any control measures12) for all possible 
exposures of persons in overflying aircraft, eliminating the need for human spotters located on site as normally required 
by the Federal Aviation Authority within the U.S.13. Unfortunately, the possibility for the laser to damage some satellites 
in low Earth orbit may exist. For this reason, it is recommended for both safety and liability concerns to coordinate laser 
activities with an appropriate agency (e.g., with U.S. Strategic Command within the U.S.14). 
 High-order wavefront sensing is performed with an 11×11 Shack-Hartmann wavefront sensor. The detector is 
an 80×80 pixel format E2V-CCD39 optimized for high quantum efficiency at the laser wavelength (71.9%) and is paired 
with a set of SciMeasure readout electronics. The detector is binned by a factor of 3. Each Shack-Hartmann subaperture 
is imaged with 2×2 binned pixels projected to a 5"×5" field of view (limited by a circular 4.8" diameter field stop). The 
frame transfer time is 500 µs, with frame exposures of 833 µs, corresponding to an effective frame rate of 1.2 kHz. The 
measured read-noise in this mode is ~6.5 electrons per pixel. The laser return signal ranges from 100 to 200 
photoelectrons per subaperture per frame (depending on seeing conditions and elevation of observations), equivalent to a 
signal-to-noise ratio on each slope measurement of 6 to 10. 
 The wavefront reconstructor matrix is a synthetic modal reconstructor based on the disk harmonic functions15 
up to the 11th radial order, for a total of 75 controlled modes. The AO control loop is based on a simple integral 
controller with a leaky integrator to a median flat position. Individual modal gain optimization has been performed using 
on-sky telemetry; however it was found that an overall loop gain of 0.6 was close to optimal in a majority of situations. 
The closed-loop bandwidth of the system is approximately 90-100 Hz. The tip- tilt modes measured in the wavefront 

 
 

 
 

sensor are dominated by mechanical vibration and pointing errors. The tip-tilt signal is used to drive the laser system’s 
uplink tip-tilt mirror, thus keeping the Shack-Hartmann pattern centered on the wavefront sensor. 
 The high-order wavefront corrector within Robo-AO is a micro-electro-mechanical-systems (MEMS) 
deformable mirror16 (Boston Micromachines Multi-DM). Robo-AO uses 120 of the 140 actuators to adjust the 
illuminated surface of the mirror, sufficient in spatial resolution to accurately fit the calculated correcting shape.  The 
actuators have a maximum surface deviation amplitude of 3.5 ȝm which corresponds to optical phase compensation of 
up to 7 ȝm. In typical seeing at Palomar observatory (median ~1.1"), this compensation length is greater than 5-sigma of 
the amplitude of the turbulence induced optical error and therefore results in significant correction headroom. 
Furthermore, the deformable mirror is used to compensate for static optical errors arising from the instrument and 
telescope at the cost of reduced dynamic range. 
 

 
Figure 2. The Robo-AO adaptive optics system and science instruments. Light focused from the telescope secondary mirror 
enters through a small hole at the center of the instrument before being reflected by 90 degrees by the first fold mirror 
towards an off-axis parabolic (OAP) mirror. This mirror images the telescope pupil on the deformable mirror surface. After 
reflection from the deformable mirror, an UV dichroic splits off the laser light (violet) and directs it to the laser wavefront 
sensor. An additional reversed OAP mirror within the wavefront sensor corrects the non-common path optical errors 
introduced by the 10 km conjugate focus of the laser reflecting off of the first OAP mirror. The visible and near-infrared 
light (green) passing through the UV dichroic is relayed by a pair of OAP mirrors to the atmospheric dispersion corrector. 
The light is then reflected by the tip-tilt correcting mirror to a final OAP mirror which focuses the light towards the visible 
dichroic. The visible dichroic reflects the visible light (blue) to the electron-multiplying CCD and transmits the near-infrared 
light (red) to a fold mirror and ultimately to the infrared camera. The combined UV, visible and near-infrared light from the 
telescope and source simulator can be directed to the adaptive optics and science instruments by translating the first fold 
mirror out of the way. 
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Figure 6. Normalized log-scale cutouts of 32 KOIs with multiple companions with separations <4” resolved with Robo-AO.
The angular scale and orientation (displayed in the first frame) is similar for each cutout, and circles are centered on the
detected nearby stars. Three targets (KOIs 3214, 3463, and 6800) have a possible third companion, marked with arrows,
outside our 4” separation cuto↵, as described in Section 4.0.3.

Ziegler+16
Kepler	áLy��øŜƚŻƬưŵƎƜ

 
 

 
 

4.2 Synergistic projects  

We have established an educational collaboration with Pomona College which has proven to be particularly fruitful. This 
collaboration inspired the creation of a new AO lab at Pomona aimed at hands-on education of undergraduates, and the 
deployment of a natural-guide-star version of Robo-AO on their 1-m telescope at Table Mountain. As part of the 
ongoing collaboration, the Robo-AO has supplied the Pomona AO system with the full real-time Robo-AO software 
engine.  The prototype Pomona system, dubbed ꞌKAPAO-Alphaꞌ, which demonstrates the basic operation of a natural 
guide star adaptive optics system has recently closed the AO loop on-sky and their results have recently been reported20. 
The final KAPAO system (no ꞌAlphaꞌ), which will be a remote-access system offering simultaneous dual-band, 
diffraction-limited imaging at visible and near-infrared wavelengths, delivering an order-of-magnitude improvement in 
point source sensitivity and angular resolution relative to the current seeing limits is in development and is expected to 
be deployed in the near future21. Beyond the expanded scientific capabilities enabled by AO-enhanced resolution and 
sensitivity, the interdisciplinary nature of the instrument development effort provides an exceptional opportunity to train 
a broad range of undergraduate STEM students in AO technologies and techniques. The Pomona Table Mountain AO 
system is an exciting example of how Robo-AO can expand the interaction between research and learning through 
adaptive optics. 

 
4.3 Outreach 

The Robo-AO collaboration has published a web site detailing the goals, science and technical details of the project, 
geared towards accessibility to the general public: http://www.astro.caltech.edu/Robo-AO/. Updates are provided, 
highlighting major project milestones. 

Dissemination of results to the broader public, including interpretation of science discovery and its impact on 
society, are made to the public by Palomar Observatory’s Visitor Center 
(http://www.astro.caltech.edu/palomar/exhibits/) which draws over 100,000 visitors annually. A web-based kiosk 
presentation highlighting adaptive optics science is on display in the Visitor Center and available on the web. The 
observatory has also embraced other online social media, and the results Robo-AO commissioning have appeared on 
Palomar Observatory’s blog and Facebook page.  
 In addition, Robo-AO has recently been augmented with an eyepiece for the direct viewing of visible-light 
adaptive optics corrected astronomical objects (Fig. 7). The eyepiece is fed by a selectable visible beam splitting mirror 
mounted on a removable kinematic base between the visible dichroic and visible filter wheels. This allows for 
simultaneous imaging with the visible camera. While access is currently limited, we intend to support future eyepiece 
observing by visiting astronomy classes from Caltech and Pomona College. 

   
Figure 7. Members of the Robo-AO team observing Mars with the eyepiece attached to Robo-AO (left). Simultaneous i-
band images of Mars captured without adaptive optics correction (middle) and with the Robo-AO system running (right).   

5. FUTURE WORK 
5.1 Infrared camera upgrade 
The Robo-AO collaboration is currently in the process of upgrading the infrared imaging system from an engineering 
grade camera to a low-noise wide-field imager using a 2.5 μm cutoff Teledyne HAWAII-2RG™/HgCdTe detector (H2-
RG). The science grade H2-RG detector has ~ 0.01 e-/sec dark current, < 5 e- readout noise22 and slightly higher 
quantum efficiency than the InGaAs, offering 45-80 times more sensitivity (Table 3).The new camera will consist of a 
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The Robo-AO Team (Palomar 2009-2015)

Principal Investigator Christoph Baranec (U. Hawai'i)

Project Scientist Nicholas Law (UNC Chapel Hill)

Co-Investigator A. N. Ramaprakash (IUCAA)

Software Lead Reed Riddle (Caltech)

The Robo-AO Kitt Peak Team (2015-)

Principal Investigator Shri Kulkarni (Caltech)

Project Scientist Reed Riddle (Caltech)

Data Scientist Dmitry Duev (Caltech)

Robo-AO PI/Inst. Scientist Christoph Baranec (U. Hawai'i)

Robo-AO PS Nicholas Law (UNC Chapel Hill)

Students

Graduate Rachel Bowens-Rubin (U. Hawai'i)*
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                                        (* currently active students on project)
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AO instrument with a laser-guide star system, is mounted on the Palomar observatory 60-inch telescope and the Kitt-Peak 
2.1-m telescope and used for research in astronomy.  

We started the development of the AO systems for small telescopes, and now we made a compact optical AO instrument 
to demonstrate the AO capability. The engineering observation was successfully done in Japan, however, the seeing was 
not good. The best performance will be achieved when it is mounted on a telescope at a good seeing site like observatories 
in Chile, and we hope to mount it on the 1-m telescope in La Silla observatory to demonstrate the AO capability of 0.1-0.2 
arcsec angular resolution. We will briefly overview our AO instrument and show its performance in the engineering 
observation. 

 

2. A COMPACT AO INSTRUMENT FOR SMALL TELESCOPES  
2.1 Instrument overview 

The AO instrument we have developed is a demonstrator of the AO capability for small telescopes in optical wavelength. 
A bright star is used as the natural guide star for the measurement of the atmospheric wavefront distortion, and it is also 
the target, which is observed by the integrated science camera (SC) to measure the point-spread function (PSF) after the 
AO system. We adopt a refractive optics using ready-made commercial lenses by limiting the observing wavelength to the 
optical. Affordable cameras are used for the WFS and the SC, because modest sensitivity is enough to demonstrate and 
examine the AO performance. The control PC is a usual desktop PC operated by Windows 7. Accordingly, our AO 
instrument becomes a compact and inexpensive system with a simple optics. Based on these concepts, we contracted with 
Nishimura Co. Ltd. (Kyoto, Japan) for the design and fabrication. The external and internal views of our AO instrument 
are shown in Figure 3. 

  

 

Figure 4 shows the assembly drawing of the inside of our AO instrument. The incident beam from the telescope is folded 
into the optics by M1, collimated by a collimator lens to illuminate the DM. Then, the collimated beam is focused on the 
SC by a camera lens, and also the focusing beam is split and folded into the WFS by a dichroic mirror. The optics is 
designed to match the telescope having a focal ratio of F/12. In addition to these main components for the AO system, a 
laser light source is integrated in the instrument to examine the alignment of the internal optics as well as that between the 
telescope and our AO instrument.  A calibration light source for the WFS and the SC is also integrated. The base of the 
chassis is smaller than 50 cm square with a height of smaller than 20 cm, and the total weight is approximately 20 kg. We 
summarize the basic specifications of our AO instrument in Table 1. 

The wavefront corrector is a piezoelectric deformable mirror DMP40 (provided by Thorlab Inc.). The number of segments 
of the deformable mirror is 40, which is more than that required for the optical AO system mounted on a 1-m telescope at 
the best seeing site, (D/r0)2 ≈25. Usually, the amplitude of wavefront tilt caused by the atmospheric turbulence is so large 

Figure 3. The external (left) and internal (right) views of the AO instrument we have developed in the 
laboratory.  

 
 

 
 

 
 

that a dedicated wavefront corrector such as a fast tip/tilt mirror is needed for an AO instrument. However, DMP40 has a 
capability of tip/tilt correction simultaneously with high-order wavefront correction by using three actuator arms equipped 
at the edge of the 40-segment mirror, which leads to the simple optical design with only one wavefront corrector. 

 
 Table 1.  Specifications of our AO instrument. For some parameters, it is assumed to be mounted on a F/12 telescope with 

an aperture diameter of D [m]. 

Physical dimensions Size W 482 mm D 454 mm H 167 mm 
(control computers and protruding parts 
not included) 

 Weight 21 kg (control computers not included) 

Deformable mirror Model number DMP 40 (Thorlab Inc.) 

 Actuator type piezoelectric 

 Number of segments 40 segments + 3 actuator arm for 
tip/tilt 

 Active area 10 mm in circular diameter 

Wavefront sensor Type Shack-Hartmann 

 Sub-aperture size  (77×D)2 mm2 at the telescope aperture 

 Camera model number Prosilica GE680 (Allied Vision 
Technologies GmbH) 

 Frame rate (full resolution) Max. 205 fps 

Science camera Model number Prosilica GX1050 (Allied Vision 
Technologies GmBH) 

 Frame rate (full resolution) Max. 112 fps 

 Pixel scale (0.063/D) arcsec/pix 

 

Figure 4. The assembly drawing of the inside of the AO instrument (provided by Nishimura Co. Ltd.).  
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