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GNAO: the new AO facility for Gemini North, facility overview and project updates
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The Gemini North Adaptive Optics (GNAO) facility is the upcoming Adaptive Optics (AO) facility for Gemini North providing a state-of-the-art AO system for surveys and time domain science in the era of James Webb Space Telescope (JWST) and Rubin operations. GNAO will be optimized to feed the Gemini infrared Multi Object Spectrograph (GIRMOS). While GIRMOS is the primary science driver for defining the capabilities of GNAO, any instrument operating with an f/32 beam could be deployed using GNAO. The GNAO project includes the development of a new laser guide star facility which will consist of four side launched laser beams supporting the two primary AO modes of GNAO: a wide-field mode providing an improved image quality over natural seeing for a 2-arcminute circular field-of-view using Ground Layer AO (GLAO) and a narrow-field mode providing near diffraction-limited performance over a 20 × 20 arcsecond square field-of-view using Laser Tomography AO (LTAO).

The GNAO wide field mode will enable GIRMOS's multi-IFU configuration in which the science beam to each individual IFU will be additionally corrected using multi-object AO within GIRMOS. The GNAO narrow field mode will feed the GIRMOS tiled IFU configuration in which all IFUs are combined into a "super"-IFU in the center of the field. GNAO will include a new Real Time Controller (RTC), Facility System Controller and new Adaptive Optics Bench, each at different stages of their development lifecycle.

We present an overview of the GNAO facility, its science goals and provide a status update of the development of each facility product.

INTRODUCTION

One of the main limitations for optical and near-infrared ground-based astronomy is the presence of Earth's atmosphere. It works both to absorb light as a function of wavelength and also to blur the images. Adaptive Optics (AO) has been developed to mitigate the blurring of the atmosphere by compensating the image motion caused by atmospheric turbulence using deformable mirrors (DMs). Natural guide star (NGS) AO uses a bright natural reference source to measure the wavefront distortions introduced by turbulence and to compute the corresponding corrections to be applied to the DM. NGS AO works best in the near infrared and the reference source has to be sufficiently bright for the AO correction to be possible. A strong restriction for single source AO is the small field that can be corrected. Under good conditions, even a 20"-25" field of view (FOV) is challenging, and the quality of the correction will strongly vary within this field. Many science cases require larger FOVs and more homogeneous corrections across the FOV than achievable with single natural guide star (NGS) AO. Science fields frequently lack sufficiently bright, nearby stars for wavefront sensing. This limitation can be overcome by using laser guide stars (LGSs). However, by passing the atmosphere twice, LGSs cannot provide any information about the tip and tilt of the wavefront, i.e. the positional offsets seen for light from a star passing the atmosphere only once. This means that LGS AO systems typically still require an NGS for tip/tilt measurements but the requirements for this NGS can be relaxed for the benefit of larger sky coverage. Another limitation of that, in contrast to NGS, the LGS is located at a finite altitude. The turbulence layers probed with an LGS are, therefore, not identical with the ones probed with NGSs. This effect -which is called the "cone effect" -can be mitigated by using multiple LGSs at different angular positions instead of a single LGS. Various flavors of multi-guide star AO have been developed to support different types of scientific applications. We will describe the two modes that will be designed and implemented for GNAO and the added AO mode coming from the science instrument fed by GNAO.

• Laser Tomography AO (LTAO) 1, 2 is based on multiple LGSs and a single DM to provide high Strehl ratios over a narrow FOV. The data from the wavefront sensors are used to perform a tomographic reconstruction. Compared to single-LGS AO -as e.g. provided by ALTAIR at Gemini-North 3 -, the use of multiple LGSs, probing the atmospheric turbulence along multiple lines-of-sight, helps to reduce the cone effect.

• Ground Layer AO (GLAO) [START_REF] Rigaut | Ground-conjugate wide field adaptive optics for the elts[END_REF] uses multiple guide stars distributed over a relatively large FOV and a single DM to provide a moderate but uniform correction. The guide stars are used to determine an average correction which is then sensitive to the common area probed by the different guide stars, i.e. the ground layer. This type of AO is most efficient if the dominant fraction of the turbulence is associated with the ground layer. This is well known for Maunakea 5 and thus well suited for GNAO. GLAO results in a seeing enhancement by concentrating the energy in the peak of the PSF. Implementations of GLAO include, e.g., GRAAL [START_REF] Paufique | GRAAL on the mountaintop[END_REF] and GALACSI 7 at ESO, which feed the wide-field (7.5'x7.5') NIR imager HAWK-I and the optical large-format (1'x1') integral field spectrograph MUSE, 8 respectively, and use the adaptive secondary mirror of UT4 at the VLT to apply the AO correction.

• Multi-Object AO (MOAO) [START_REF] Hammer | The FALCON Concept: Multi-Object Spectroscopy Combined with MCAO in Near-IR[END_REF] aims to provide an AO correction over small fields around multiple science targets selected from a large patrol field. This technique overcomes the limitations of the before-mentioned AO types to provide an efficient correction over the full patrol field. Multi-object spectroscopy (MOS) is a powerful technique for many survey-type science cases because of its multiplexing advantage. While MOS has commonly been in use under natural seeing conditions, first implementations with MOAO have only been available over recent years. The Raven instrument 10 demonstrated MOAO at the 8-meter Subaru Telescope with some performance limitations because of the NGS requirements. The Gemini Infrared Multi-object Spectrograph GIRMOS, 11 built as the first-light instrument behind GNAO by a Canadian consortium, will take advantage of the GNAO LGS facility to provide an advanced implementation of MOAO, feeding multiple integral field spectrographs across the patrol field.

GNAO is developed as part of the National Science Foundation-funded "Gemini in the era of multi-messenger astronomy" (GEMMA) program, in parallel with the other two GEMMA projects on Time Domain Astronomy and Public Information and Outreach. During 2020, the scope of the GNAO project was refocused towards towards LTAO and GLAO using a single DM only. [START_REF] Sivo | The Next-Generation Adaptive Optics Facility for Gemini North[END_REF] This design was optimized to support the innovative first-light instrument GIRMOS 11 while reducing complexities compared to an MCAO system.

The design of GNAO is jointly driven by the science cases developed by the GIRMOS team and the large fraction of science cases originally developed for the GNAO MCAO system that will remain feasible within the GNAO+GIRMOS scope. A potential use of GNAO with GMOS at visible wavelengths is considered an upscope. [START_REF] Sivo | The Next-Generation Adaptive Optics Facility for Gemini North[END_REF] GNAO + GIRMOS coupled together will enable several AO-assisted surveys that will place Gemini at the forefront to deliver complementary science in the era of Rubin, JWST and the ELTs. First light is currently expected to be around 2028. Detailed information on the estimated science and performance we aim to achieve can be found in Lamb [START_REF] Lamb | The key science and expected capabilities of the combined GNAO+GIRMOS system[END_REF] et al. from this conference serie.

GIRMOS: THE GEMINI INFRARED MULTI OBJECT SPECTROGRAPH

The Gemini InfraRed Multi Object Spectrograph (GIRMOS) is designed as a multiplexed Near InfraRed (NIR) Integral Field Unit (IFU) spectrograph using MOAO to feed four IFUs deployable over the 2'-diameter patrol field provided by the GNAO GLAO mode. The IFUs are based on an image-slicer design offering spatial sampling options of 0.025", 0.05", and 0.1" per spaxel and FoVs of 1"x1", 2"x2", and 4"x4", respectively. Each individual IFU will be paired with a DM to perform the MOAO correction based on the GNAO ground-layer corrected field. GIRMOS offers wavelength coverage from 0.95 to 2.4 microns at spectral resolutions of 3000 or 8000. The IFUs can be used in a tiled mode offering a total IFU FoV size that is unprecedented among current NIR IFUs at AO spatial resolutions. The resulting tiled FOV of up to 8"x8" can take advantage of the GNAO LTAO mode to achieve high Strehl ratios. In addition to the IFU modes, GIRMOS will include a NIR imager based on a HAWAII-4RG 4K x 4K detector, which provides an 85" x 85" FOV with a spatial sampling of 0.021"/pixel. More updated informations on GIRMOS can be found in the SPIE proceeding from this conference. [START_REF] Sivanandam | Gemini infrared multiobject spectrograph: instrument overview[END_REF] 

SYNERGIES WITH OTHER FACILITIES

At the time of GNAO's commissioning, there will be many new facilities either in operation or close to coming online. Among the major ones are James Webb Space Telescope (JWST), the Vera C. Rubin Observatory's Legacy Survey of Space and Time (LSST), the Nancy Grace Roman Space Telescope, and Euclid. GNAO is envisioned to complement and work in unison with these facilities.

The time domain capabilities planned for GNAO will play a key role in the follow-up of the enormous number of variable and transient objects detected with the Rubin Observatory's LSST together with the Roman Space Telescope, and Euclid. Many of these discoveries will require rapid follow-up, both spectroscopically and photometrically, at wavelengths not covered by the Rubin Observatory/LSST camera and at higher spatial resolution (e.g., or isolating the flux from a transient against the flux of an underlying background galaxy).

A GNAO system with queue scheduling flexibility, fast proposal routes (like the Gemini Fast Turnaround program [START_REF] Andersen | The first two years of the Gemini Fast Turnaround Proposal Program[END_REF] ), and short acquisition times for rapid target-of-opportunity triggers will be highly competitive in this context.

JWST's launch happened on Christmas day 2021. The first data from JWST have just started to revolutionize near-to-mid-infrared astronomy. With a JWST mission lifetime goal of more than 10 years and an expected GNAO first light in the second quarter of the US fiscal year 2028, both facilities are likely going to be in operation simultaneously for several years. GNAO cannot compete with JWST's sensitivity, but will be substantially more flexible than JWST for rapid follow-up and long-term monitoring. The survey capabilities enabled by GNAO and GIRMOS offer major synergy potential between the two facilities. In particular, the multi-object IFU mode will provide an important multiplexing advantage, for example for spatially-resolved spectroscopy of galaxies around cosmic moon. GNAOenabled instrument modes may provide a larger flexibility in narrow-band imaging filters, or provide mediumto-high spectral resolution complementary to JWST's capabilities. The availability of these modes depends on the backend instrument design.

GNAO'S DRIVING SCIENCE CASES

The GNAO science team has supported the development of GNAO, to ensure the best use of the facility by the community. The team is led by Gemini/NSF's NOIRLab and has strong participation from the Gemini Observatory community with experts in many areas of astrophysics. A collaboration with the GIRMOS team is provided through joint team members.

The development of GNAO+GIRMOS focuses on three key science capabilities that enable a wide range of science cases from solar system science to extragalactic science and cosmology.

• High Resolution facility for multi messenger events. With a rapid response mode, GNAO will be a premier facility for high-angular resolution follow-up studies of gamma-ray bursts and other transients.

• Powerful capabilities for Survey Science. The spectroscopic multiplexing provided by GNAO+GIRMOS will provide a powerful capability for spectroscopic surveys of galactic and extragalactic sources.

• Flexible for Solar System science and multi-epoch studies. By offering a queue-scheduled system with a non-sidereal tracking option, GNAO will have key capabilities to support a wide range of solar system science and monitoring studies.

More details on science cases examples can be found here [START_REF] Sivo | Gemini North Adaptive Optics (GNAO) facility overview and status updates[END_REF] and expected performance and sensitivity here. [START_REF] Lamb | The key science and expected capabilities of the combined GNAO+GIRMOS system[END_REF][START_REF] Lamb | An overview of the Gemini Infrared Multi-Object Spectrograph performance budgets[END_REF] 

GNAO+GIRMOS CHARACTERISTICS AND IMAGE QUALITY REQUIREMENTS

We present here the characteristics of GNAO + GIRMOS both in imaging and spectroscopic mode. 

Imaging

GNAO'S ARCHITECTURE

In this section, we present a brief overview of the different products for GNAO. The GNAO facility is divided into 4 main technical work packages:

• the laser guide star facility;

• the real time controller;

• the system controller;

• and the adaptive optics bench.

We describe these four products in the subsections below. In the figure 1, we can see the current functional diagram of the full GNAO facility. This is not a design solution but a representation of all the functionalities required to build GNAO and perform all the different required tasks. 

Laser Guide Star Facility

The LGSF is responsible for generating the 4 laser guide stars that will be used for GNAO. The main requirement for the LGSF is that it shall also be capable of producing 4 laser guide stars in a wide field mode to support a future GLAO Adaptive Secondary Mirror system for Gemini independent of GNAO. In order to ensure the system meets requirements, the first trade study that was completed for the GNAO LGSF was the number of lasers that would be required. Due to the efficiency of the 3rd generation fiber lasers built by Toptica photonics and also due to improvements in detector technology it was determined that two Toptica lasers would be sufficient to generate four guide stars with adequate photon return for GNAO in both wide and narrow fueld mode.

The three main components of the LGSF are the Toptica SodiumStar high-power guide star laser at 589nm, the Beam Expander and Control Node (BEaCoN), the LLTs. The 589nm lasers and LLTs will both be purchased as turn key systems through vendors, while the BEaCoN will be developed in-house. The lasers are provided by Toptica Projects GmbH.8 Officina Stellare has been selected to build the Laser Launch Telescopes. This design is similar to the LLTs that are currently in use at the European Southern Observatory (ESO) Very Large Telescope (VLT). [START_REF] Arsenault | ESO adaptive optics facility progress and first laboratory test results[END_REF] The LLTs are transmissive reverse Galilean telescopes, as opposed to the reflective off-axis parabola LLTs that are currently in use at Gemini. One key element of these LLTs is their large patrol field of 14.4 arcminutes in diameter. This allows them to support both narrow-field and wide-field constellations. The LLTs are designed and built as an external contract with Oficina Stellare in Italy. The LLTs are currently in the build phase and delivery is expected for February 2024. More information can be found in the proceeding from this conference here. [START_REF] Zuccon | The new Laser Launch Telescope for Gemini North AO: design and status update[END_REF] The BEaCoN is the only element of the LGSF that is being developed in-house, apart from the laser coolant system. More information on the LGSF for GNAO is presented here. [START_REF] Schneider | Design of the laser beam transfer system for the new Gemini North adaptive optics laser guide star[END_REF] 

Real Time Controller

The Real Time Controller for GNAO is based on the HEART toolkit. [START_REF] Dunn | Advances in Optical Astronomical Instrumentation 2022[END_REF] Herzberg Extensible Adaptive Real-Time (HEART) software is a framework and collection of utility tools that can be used to create an AO Real-Time Controller (RTC). It consists of generalized RTC code blocks in modular, flexible and configurable structure that allows for development of an RTC with reduced effort, which is what everyone really wants, especially when it is an observatory that will be upgrading instruments regularly. Also, HEART comes with extensive testing of the common code base which improves the quality because it will be used across multiple projects. HEART is also unique because years ago it was decided by not tying to specific hardware it would be easier to develop if a CPU-based architecture with off-the-shelf hardware. The code is largely written in C, with some Python and JavaScript. HEART is the baseline for several AO systems:

• GNAO on Gemini, both wide and narrow field mode. (GLAO, LTAO);

• NFIRAOS on Thirty Meter Telescope, MCAO;

• GIRMOS on Gemini, MOAO;

• GPI2.0 on Gemini, XAO;

• REVOLT on Dominion Astrophysical Observatory Telescope.

HEART is also considered for MORFEO (MCAO on ELT) and ANDES (SCAO on ELT). More details can be found in Jennifer Dunn's proceeding from this conference. [START_REF] Dunn | Herzberg Extensible Adaptive Real-time Toolkit (HEART) for the Extremely Large Telescope[END_REF] 

System Controller

As the current GNAO effort is ongoing, we are developing the core components for the System Control (SYSCO) facility. The System Control architecture was devised so that the different major components can reuse a basic design, divided in a number of discrete, highly configurable agents that deal with different tasks: abstracting the SYSCO-hardware interface, discrete command execution and monitoring, reactive control (subsystem coordination), and sequence execution and control. This paper describes the components providing control logic, with focus on the sequencing one, which is central to the "One Button" philosophy guiding GNAO's software design. This philosophy follows from design goals of the GNAO system: improving field resolution and operating in the Gemini queue scheduled environment. From the operative point of view, GNAO strives to be a system that is simple to operate, with a single person being able to handle it without the need for an intimate knowledge of the underlying system. To achieve these goals, the GNAO Control System is designed to support a functional decomposition of the primary actions (creating guide stars, correcting atmospheric distortion, etc), assigning them to subsystems, and then to functional components in each subsystem. Patterns of abstraction and encapsulation are used throughout the design to provide functional interfaces which ensure that each component hides the complexity and details of its underlying implementation.

In the past, Gemini's facility software has been heavily based on EPICS IOCs written in C and C++. Early on we decided against this though, first because we were looking for something more extensible. Because of that we decided to use a general-purpose language for scripting, and in order to leverage our expertise Python was the choice. More information on the detail design of the SysCo can be found here. [START_REF] Cardenes | A Flexible Automation Solution for the Gemini North Adaptive Optics Facility[END_REF] 

Adaptive Optics Bench

In September 2022, 3 teams conducted a competitive phase A for the Adaptive Optics Bench of GNAO to reach a conceptual design and present the phase B proposal in June 2023. The GNAO leadership team and a team of external experts in field reviewed the material and submitted a list of recommendations to the Gemini leadership for a downselection to one team. The downselection has been done in July 2023 and we are currently finalizing the contract negotiation. We aim for a start of phase B in November 2023 with a delivery for on-sky commissioning end of 2028.
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 1 Figure 1. GNAO system control integration
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 2 Figure 2. LGSF Mechanical drawing

Table 1 .

 1 GIRMOS Imager characteristics and image quality performance requirements in J, H and K-bands.

		FoV	K-band (2.2µm) H-band (1.65µm) J-band (1.25µm)
			performance	performance	performance
	GNAO WFM (GLAO)				
	60% sky coverage	85" × 85" 120 mas FWHM 150 mas FWHM 200 mas FWHM
	GNAO NFM (LTAO)				
	60% sky coverage	20" × 20"	SR 35%	SR 20%	SR 10%
	GNAO on-axis (LTAO)				
	12 mag R-band limit	on-axis	SR 60%	SR 45%	SR 25%
	Detector		Hawaii-4RG 4k×4k	
	Pixel Scale			0.021"	
	Wavelength (µm)			0.83-2.4	

Table 2 .

 2 GIRMOS spectroscopic characteristics and image quality performance requirements in J, H and K-bands.
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