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Abstract
Much of the progress in astronomy has been driven by instrumental developments,

from the first telescopes to fiber fed spectrographs. In this review, we describe the

field of astrophotonics, a combination of photonics and astronomical instrumenta-

tion that is gaining importance in the development of current and future instru-

mentation. We begin with the science cases that have been identified as possibly

benefiting from astrophotonic devices. We then discuss devices, methods and

developments in the field along with the advantages they provide. We conclude by

describing possible future perspectives in the field and their influence on astronomy.
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1 Astronomical instrumentation and science

Astronomy is without doubt the empirical science which more than others relies on

the analysis of electromagnetic radiation, and as such its progress has often been

correlated to the development of optical technology. The most obvious examples of

the interaction between science and technology are the discoveries Galileo made at

the beginning of the seventeenth century, by pointing his telescope, then the state of

the art of optical instrumentation, at the sky. This simple act revolutionized our

understanding of the universe, and these early astronomical observations drove the

technological developments that allowed science to deliver telescopes of ever-

increasing quality. Before the end of the seventeenth century, Christiaan Huyguens

was able to develop an aberration-corrected eyepiece allowing him to resolve the

rings of Saturn, which were previously believed to be satellites, and detect the

rotation of Mars. The invention of the reflecting telescope by Newton, which solved

the problem of chromatic aberration, and the development of parabolic mirrors by

Gregory (� 1720), which solved the problem of spherical aberration, opened the

possibility to build telescopes with apertures significantly larger than the refractive

ones. By the end of the eighteenth century, William Herschel was observing the sky

with reflecting telescopes exceeding half a meter in diameter (his largest telescope

had an aperture of 122 cm), enabling him to discover faint objects such as the

satellites of Saturn and Uranus as well as to compile an extensive catalogue of

‘nebulae’. The invention of the spectroscope by Fraunhofer (1814) and the

subsequent discovery of the absorption lines in the spectrum of the Sun is another

example of how progress in optical technology eventually changed the course of

astronomy. The identification of the spectroscopic signature of chemical elements

around 1850 gave astronomers a powerful tool to understand the structure of stars

and of the universe, whose benefits we are still exploiting. A visual summary of the

progression of optical technology and astronomical discoveries is illustrated in

Fig. 1, which shows qualitatively how new technologies, similar to new paradigms,
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often require about a generation to bring their potential to fulfillment and open new

avenues in astronomical discoveries (Kuhn 1962).

Today, the frontier in optics is represented by photonics, which is defined as the

science dealing with the technologies for generating, transforming or using tailored

light states to perform a task. As the word suggests, photonic devices control and

manipulate photons in the way electronic devices do with electrons. Using this

definition we can include devices such as micro-optics, laser sources, optical filters,

optical fibers, and optoelectronic switches, which are commonly used in applica-

tions for telecommunications and digital data storage/readout. For this article, we

will adopt a more restrictive definition of photonics and will deal mostly with

elements requiring the wave approximation of optics to explain properly their

operation. Given the impact of optical technologies in shaping the history of

astronomy, it is not surprising that astronomers have taken an interest in photonic

technologies and potential improvements they could bring to their instruments.

The first examples of what is called now ‘astrophotonics’ (i.e., the application of

photonics to astronomical instrumentation Bland-Hawthorn and Kern 2009) date

back to the late 1970s when single optical fibers were used to connect telescope

focal planes to spectrographs (Hubbard et al. 1979). The 1980s saw further

developments, when optical fibers were used to improve the productivity of

spectrographs (e.g., the Multi-Object Spectrograph (MOS) MEDUSA Hill et al.

1980) or to obtain hyperspectral images of extended objects (Integral Field

Spectrograph (IFS) such as ARGUS Vanderriest 1980). Besides representing a

major part of all existing astrophotonic instrumentation, multi-object and integral-

field spectrographs have become essential tools of contemporary astronomy which

enabled large scale surveys of the sky and kinematic studies of galaxies, both

inconceivable only a few decades ago.

After the astonishing development of telecommunication photonic and these first

successful demonstrations of astrophotonic applications, the 2000s saw a growing

interest and expectation from the astronomical community towards photonics. Three

potentially appealing characteristics of photonic over conventional ‘bulk optic’

instrumentation are (i) the potential reduction of size and mass of the instrument, (ii)

the possibility to build highly multiplexed instruments, and (iii) the delivery of

enhanced instrumental performance. The first advantage is clear in the case of

integrated optics, i.e., a technology enabling optical devices manipulating light at

spatial scales of the order of the wavelength. Complex free-space optics setups

based on beam-splitters, folding mirrors, gratings and filters may be easily

integrated in an optical fiber or a glass substrate of a few square centimeter area and

few 100 lm thickness. This makes the functional part of an instrument extremely

compact and lightweight, a clear advantage especially for infrared instrumentation

(the cryogenic enclosure is smaller and thus less demanding) and space missions.

The miniaturization and the possibility to fabricate easily many identical copies of

the integrated device makes astrophotonic instrumentation appealing for highly

multiplexed instruments which enable a more efficient use of unique telescope

facilities, which is a requirement for large-scale astronomical surveys. The classical

example of this feature is provided by the introduction of optical fibers which made

multi-object spectroscopy possible (see Sect. 2.2). Integrated optics could in the
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future allow for an even more aggressive multiplexing strategy leveraging on the

inherently small size of the functional units of the instrument. Finally, astrophotonic

devices could deliver instruments with unique performance, which could not be

accomplished by other means. This is for instance the case of integrated optics beam

combiners for stellar interferometry (Sect. 4.3) which deliver a highly precise

visibility measurement through the use of single-mode optics, or the phase mask

coronography, which can suppress efficiently light at the diffraction limit by means

of micro-/nano-structured optical plates (Sect. 4.4).

Besides these advantages, there are intrinsic as well as contingent limitations in

contemporary photonics which limit the widespread use of photonic solutions to

astronomy. From the side of intrinsic limitations, we mention that the functionality

of most of the existing photonic devices requires spatially coherent and relatively

narrowband light sources, which is usually not the case of astronomical sources. As

we will discuss throughout this review, the use of adaptive optics can solve the

requirement for spatial coherence, while recent technological developments in

dispersion control in integrated optics (e.g., photonic crystal fibers; Birks et al.

1997) may help extending the bandwidth of existing photonic devices. As for the

contingent limitations, in the past 40 years integrated photonic applications have

been driven mostly by the multi-billion-dollar-worth digital telecommunication

industry. As is well known, digital communication protocols are relatively tolerant

to noise and other spurious effects which degrade the signal-to-noise ratio (SNR).

Digital signals can be retrieved even in the presence of relatively high noise level

(e.g., SNR� 3). Therefore, specifications of telecom devices on back-reflections or

intensity/polarization contrasts are often in the 10–20 dB range, which are

incompatible with the dynamic range requirements of astronomy, typically

exceeding 40 dB. Additionally, and in contrast to astronomy, light sources in

telecommunication are coherent and therefore amenable to optical amplification

processes with low noise overhead. This makes the losses of telecom devices a

secondary issue for their use, so that devices with 5 dB insertion losses (30%

transmission) are common. Such losses are clearly not acceptable for a photon

starved application such an astronomical observation. Moreover, photonic applica-

tions developed mostly the infrared spectral region, due to the existence in this

spectral band of low-loss transmission bands in glasses and emission lines of laser

materials. While in principle it is possible to reproduce the photonic functionalities

in other optical bands, the high development costs require a medium to large market

to justify research and development. The small size of the astronomical

instrumentation market is usually insufficient to promote such a technological shift.

The adaptation of contemporary telecommunication technologies and overcom-

ing the above-mentioned limitations represent the current challenges of the

astrophotonic community, which will be discussed extensively in this article.

Nonetheless, after decades mostly spent exploring these potentialities, astropho-

tonics is already starting to become a favorite companion of advanced astronomical

instrumentation. For example, photonic technologies will be part of the instrumen-

tation for Extremely Large Telescopes (ELTs) already from the very beginning, as

for instance laser guide stars for adaptive optics (Ciliegi et al. 2018) and optical
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fibers as key components of multi-object and/or integral field spectrographs (Evans

et al. 2016).

This review seeks to give a structured and comprehensive overview of the

interplay between photonics, astronomy and instrumentation, highlighting in

particular the current state-of-the-art in the field as well as the directions in which

the community may look. A visualization of this approach is presented in the ring-

plot of Fig. 2, where astronomical instruments (middle ring) result from the, often

contrasting, specifications dictated by the astrophysics of the object under study

(inner ring) and the constraints of optical physics and technologies (outer ring).

Instrumentation can therefore be discussed from the perspective of the astronomer

and from the one of the optical/photonic engineer.

As opposed to other overviews of the field (e.g., Bland-Hawthorn and Kern 2009;

Bland-Hawthorn and Leon-Saval 2017), this paper incorporates different branches

of astrophotonics that are usually addressed separately, as for instance spectroscopy,

interferometry/high-contrast imaging, and calibration of instrumentation. Addition-

ally, we give an introduction to the physics underlying the function of photonic

technologies, through an introductory section on optical modes and in the

description of the instruments. Section 2 addresses, from an astrophysical perspec-

tive, specific science cases and related requirements that can directly benefit from

the photonics approach. Consistent with the ring-plot, Sect. 3 introduces the optical

physics perspective by summarizing the formalism of optical waveguiding, which is

central to the understanding of photonic technologies. Section 4 presents the

different families of astrophotonics devices from a performance-driven point-of-

view in comparison to the theoretical background given in Sect. 3. Finally, Sect. 5

concludes our paper and summarizes future perspectives.

Fig. 2 Astronomical instruments (middle circle) develop in between the desired specifications derived
from the astronomical target (inner circle) and the constraints imposed by the available optical
technologies (outer circle)
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2 Astronomical perspective

Imaging and spectroscopic techniques—or the combination of them—are the two

pillars supporting any advance in observational astrophysics. These two methods

branch into several sub-techniques driven by specific science cases. The potential

benefit of photonics-based solutions must be appreciated under the perspective of

the scientific requirements associated with these two main techniques.

2.1 Single object spectroscopy

Spectroscopy is used in astronomy to investigate many properties of astrophysical

objects, from chemical composition, to velocity structure, to the detection of

exoplanets through the Doppler technique. This requires splitting the incoming light

into its different wavelengths by means of dispersive optical elements (e.g., prism,

grating).

As spectroscopy is exploited in the majority of the science cases in optical and

infrared astronomy, we analyze hereafter the requirements of a subset of them.

Measurement of chemical compositions and effective temperatures: Low-reso-
lution spectroscopy is usually employed to extract basic information on the source

(such as the effective temperature, dominant stellar population or redshift) from

faint objects, for which a large dispersion would lead to a spectral flux density well

below the noise level. Resolutions with R up to a few tens are used in deep galactic

and extra-galactic surveys, and are usually realized by means of a set of

interchangeable band-pass filters rather than spectrographs.

Solid-state species and broad spectral features such as ices (Pontoppidan et al.

2005), silicates (van den Ancker et al. 1999) or PAHs (Van Kerckhoven et al. 2002;

Taha et al. 2018) can be studied at a resolution of a few hundreds to a few thousands

in the visible and near-infrared regions, where the molecular bands are active

(Véron-Cetty and Véron 2000; van Dishoeck 2004; Henning and Semenov 2013).

Other uses of low spectral dispersion are slit-less and long-slit spectroscopy. In slit-

less spectroscopy, low resolution is necessary to avoid too many overlaps between

the spectra of neighboring objects. Examples are found in space surveys such as

GAIA, which measures the color of stars down to magnitude G� 20 with a slit-less

spectrograph with R� 20. Long-slit spectrographs have been used mostly in the past

to deliver spatially resolved spectra of faint extended objects such as galaxies or

nebulae, but this technique has been mostly replaced by integral field spectroscopic

methods, where photonic technologies play a key role (see below). Low-resolution

spectra from Fourier-transform spectrographs are still common in mid- and far-

infrared astronomy, where until recently only noisy, single-pixel detectors were

available. The availability of new low-noise detector arrays in these bands has

shifted instrumentation towards the simpler and more robust dispersive designs.

Measuring motion in the Universe: from stellar physics to exoplanets and
(circum)stellar physics Besides investigating the chemical composition of astro-

physical sources, spectroscopy is successfully and widely used for studying the

radial velocities of celestial objects via the Doppler shift. Since the discovery of the
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first exoplanet around a Sun-like star using the radial velocity technique (Mayor and

Queloz 1995) the number of exoplanets discovered using this technique has grown

rapidly, including the discovery of a possible temperate terrestrial planet around the

M dwarf Proxima Centauri (Anglada-Escudé et al. 2016). Taking advantage of the

motion of the lines in the spectrum of an exoplanet with respect to those of the much

brighter parent star, and to telluric contamination, high-resolution spectroscopy

even permits to characterize the exoplanet atmosphere itself. This technique has for

example been shown for s Boötis b with CO lines using the CRIRES spectrograph

at the Very Large Telescope (VLT) and might be implemented with the future

METIS instrument on the ELT (Snellen et al. 2015). For these science cases, (very)

high spectral resolution with R� 100; 000 is typically required. These spectrographs

exploit the échelle design where a grating is used at high diffraction orders, which

are afterwards separated by a second dispersive element. To achieve a wavelength

accuracy beyond the resolution limit, an extremely good stability of the instrument

is required from the mechanical and thermal point-of-view as environmental

disturbances may lead to drifts of the spectral lines being measured. Placing the

optics in a vacuum vessel is highly advantageous but this requires a more

demanding infrastructure depending on the size of the spectrograph. An essential

tool for the observations is a stable wavelength calibration source to correct any

drift of the optomechanical assembly of the spectrograph. Usually, gas cells/lamps

filled with heavy ions are used as calibration units, a practice which is about to be

complemented by the use of stabilized Fabry–Perot etalons and frequency combs

(e.g. Steinmetz et al. 2008;) (see Sect. 4.5). Finally, the seeing-induced fluctuations

of the barycenter of the light distribution at the slit are a major limiting factor to

achieve the accuracy of wavelength measurements of stellar absorption lines. For

this reason, techniques reducing the jitter on the spectrograph entrance are needed.

Optical fibers are very efficient in doing that, but further measures to suppress

modal noise need to be employed (so called modal scrambling techniques, see

Sect. 4.1).

At intermediate spectral resolutions of a few thousands to tens of thousands, the

gas kinematics in circumstellar environments (Goto et al. 2006; Pontoppidan et al.

2008; Gustafsson et al. 2008; Millour et al. 2011a) and galaxies can be spatially

resolved using the techniques of spectro-astrometry (Takami et al. 2001) and

spectro-interferometry. Motion of gas resulting from stellar winds and mass-loss is

seen in high-resolution spectra where particular shapes such as P-Cygni profiles are

observed. Importantly, the magnetism of stars can be investigated using high-

resolution spectro-polarimetry that reveals the splitting of atomic lines due to the

Zeeman effect (Artigau et al. 2014).

Finally, for survey purposes accessing a large instantaneous field-of-view is a

top-level requirement: the Radial Velocity Spectrograph (RVS) on GAIA accesses a

field-of-view of 0.6 deg2 at a spectral resolution of R� 11; 000.
Solar system bodies There are numerous types of small bodies present in the

solar system, mostly inhabiting the asteroid belt and Kuiper belt. Studies of these

small objects within the solar system rely on detection and follow up capabilities,

for which small telescopes are ideally suited, provided the objects are bright enough.
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Not only can these objects tell us about the chemical make-up of the solar system,

they can also give us information as to how it formed.

In addition to the small bodies in the Kuiper belt and asteroid-belt comets can be

used to inform theories about the formation of the solar system. To make useful

discoveries high-resolution spectroscopy (R[ 10; 000) needs to be performed in the

optical and near-infrared (Bailyn et al. 2007; Drew et al. 2010).

Finally, the atmospheres of solar system planets present an exciting opportunity,

with further study allowing us to probe the composition and dynamics of the

atmospheres to greater levels than previously achieved.

Low-mass brown dwarfs Brown dwarfs occupy the mass range between the

deuterium and hydrogen burning limits, i.e., between the most massive planets and

the smallest stars. The first brown dwarf was discovered in 1995, though their

existence was hypothesized for many years before (Rebolo et al. 1995). Since the

first discovery, the numbers and diversity in candidates have increased to hundreds,

mostly due to surveys such as the Sloan Digital Sky Survey (SDSS) (York et al.

2000) and Two Micron All-Sky Survey (2MASS) (Gizis et al. 1999).

To increase the number of candidates will be the task of future photometric and

spectroscopic surveys covering the optical and near-infrared (NIR). In addition,

understanding the composition and processes in their atmospheres is particularly

important, and spectroscopic surveys will be required to determine parameters such

as composition, temperature and density. Due to the temperature of these objects

low spectral resolution (R\10; 000) NIR spectroscopy is ideal.

Stellar variability There are many different causes of stellar variability, ranging

from binary pairs, to stellar pulsations and to cataclysmic variables. Observations of

these variable stars are extremely useful and they can be used to study many

properties of the star, from determining the processes driving their variability,

probing stellar evolution, fundamental properties and atmospheres. In addition,

specific types of variable stars (e.g. RR Lyrae, Cephied variables) can be used to

determine Galactic and cosmological distances (Freedman et al. 2001). In recent

years the number of known members of these classes has grown thanks to

gravitational lensing surveys (e.g., MACHO Alcock et al. 1993 and OGLE Udalski

et al. 1994) and wide field surveys (e.g., ASAS Pojmanski 1997, ROTSE Akerlof

et al. 2000 and HATNet Hartman et al. 2011).

Whilst time resolved photometry tells us much about these objects, there are also

advantages to performing observations with time resolved spectroscopy, firstly to

provide confirmation or clarification in the classification (Downes and Wallace

1996) and secondly to further probe the star. Most recently understanding variations

in stars has been helping astronomers disentangle planetary radial velocity signals

from those of effects such as sun-spots on the surface of stars (e.g., Oshagh et al.

2016; Perger et al. 2019).

2.2 Integral field spectroscopy and multi-object spectroscopy: hyperspectral
imaging

Whilst spectrographs observing single objects are extremely powerful, they are

limited in their capabilities to observe large numbers of objects. In an era where
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many science cases require large statistical samples and with telescopes becoming

fewer in number (due to their larger apertures costing more), more pressures are put

on multiplexing, i.e., on the number of objects an instrument can observe at once.

Spatial elements (spaxels) are fed from the focal plane into the spectrograph to

produce a 3D data cube (see Fig. 3). There are two types of such instruments, which

can be loosely classed into MOS and IFS. A MOS allows observations of multiple

objects in the field of view (Ellis and Parry 1988) whist an IFS allows small patches

of sky to be spatially resolved by an Integral Field Unit (IFU) (e.g., for observation

of extended or spatially adjacent objects) (Allington-Smith 2006). To further

increase the number and type of object that can be observed there is a combination

of the two (using multiple IFUs) which is called Diverse Field Spectrograph (DFS)

(Murray and Allington-Smith 2009). There are many science cases for all of the

above and some are briefly outlined below.

In a 3D-spectroscopy instrument, the detector plays a central role in determining

the final cost (Harris and Allington-Smith 2012), and it is therefore necessary to

optimize the use of the detector pixels. Besides the spatial sampling at the telescope,

it is necessary to consider the sampling element of the data cube (voxel; Allington-
Smith 2006), whose number equals the minimum required number of pixels of the

Fig. 3 Methods of integral field spectroscopy. The top image shows a lenslet array feeding the
spectrograph, this is simple and allows for a large field of view, but requires the spectrograph to be close
to the telescope. The second option, fibers, allows the spectrograph to be placed further from the
telescope, usually at the cost of throughput. At the bottom, image slicers and microslicers generally allow
high throughput, though also require the spectrograph to be close to the telescope. Image reproduced with
permission from Allington-Smith (2006), copyright by Elsevier
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detector. Hence, it is useful to introduce a figure of merit for the instrument, known

as specific information density (SID, Allington-Smith 2006):

SID ¼ g
Nr

Np
; ð1Þ

where g is the throughput of the instrument, Nr is the number of resolution elements

in the datacube and Np is the total number of pixels of the detector. The relation

between the number of resolution elements and spaxels/voxels depends on the type

of instrument and should be as close as possible to the maximum value of the SID to

improve sensitivity. The SID is maximum when the number of pixels equals the

number of voxels and the throughput is one. However, the number of resolution

elements is in general smaller than the number of voxels because of oversampling;

therefore, the maximum value for the SID will be smaller than 1. In a MOS, one

target is sampled by a single spaxel and Nr ¼ NsNk=fk, Nk being the number of

samples of the wavelength axis, Ns the number of accessible targets, fk being the

oversampling factor. If we now assume that there are no unused pixels (condition to

maximize SID) the number of voxels will be Np ¼ NsNk. Taking fk ¼ 2 (Nyquist

sampling of the wavelength), the maximum value for the SID will therefore be 1/2.

In an IFS, we will have in general Ns ¼ NxNy spaxels (a square array of spaxels is

assumed) but the actual spatial resolution elements depend on the oversampling fx
and fy of the telescope point spread function (PSF) along the coordinates x and y.
Thus the number of resolution element is given by Nr ¼ NsNk=fxfyfk. With Nyquist

sampling in space and frequency, the maximum SID will be 1/8.

Galactic science To understand how individual galaxies form, what drives their

evolution and what states they tend to, requires large data sets of spatially resolved

galaxies. Therefore, large IFSs surveys are an extremely powerful tool. There are

currently many large scale surveys such as MASSIVE (Mitchell Spectrograph),

AMAZE (SINFONI) and KROSS (KMOS), providing data on hundreds of galaxies.

These are being supplemented by even bigger ones (thousands of galaxies observed)

such as MaNGA, SAMI, and Califa, plus soon the Local Volume Mapper (LVM).

These surveys tend to provide direct information on two components, stars and gas.

New IFSs consisting of several hundred spaxels (e.g. MUSE at the Very Large

Telescope (VLT)) are able to access resolved populations of stars in nearby galaxies

or globular clusters (Bacon et al. 2010), making detailed kinematic and metallicity

studies possible. For more distant galaxies, individual stars cannot be resolved but

IFSs can still deliver the radial velocity distribution of their stars, a useful

information to identify the morphology of galaxies (Croom et al. 2012).

Studies of the gas in galaxies are equally important. They can be used to trace the

metallicity and abundances of the gas, telling us about the processes forming stars

and the types of stars that will form and at what rate. In addition, gas can also trace

the kinematics of the galaxy.

Combining information on both of these components in large data sets allows

astronomers to answer the largest questions in galaxy formation and evolution

today. These include how physical processes evolve with time, what regulates star
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formation, how metals build up, what drives gas inflows and outflows, the role of the

local environment and what drives strong morphological transformations.

Cosmology Understanding the universe on the largest scales is one of the

grandest aims of astronomy. How the universe expands, the composition of the

universe and the physics governing everything are very large questions. To solve

these, large sets of data are required. Obtaining these with single slits or fibers is

difficult and time consuming. As such the trend is towards MOS instruments. For

these surveys, the object is typically not spatially resolved and the science cases are

mostly dominated by the desire to understand how galaxies and the corresponding

luminosity functions evolve with time.

For this to be known, both the composition and the redshift of the galaxy must

be understood. This requires moderate spectral resolving power instruments such

as VIMOS (R of 200 to 2500), or AAOmega (R of 1000 to 8000). These

instruments are used to perform surveys such as zCOSMOS, VVDS, VIPERS and

GAMA. These instruments and surveys have led to many interesting discoveries,

such as the combined discovery of periodic variations in the density of visible

matter, baryon acoustic oscillations, by the 2dF instrument (Peacock et al. 2001).

A current challenge is represented by the observation of faint galaxies with z ’ 2

(the so-called cosmic noon, where star formation had its peak), for which the

visible spectrum of their stars appears in the near-infrared. Because of chemo-

luminescence generated by the formation of OH radicals in the Earth’s upper

atmosphere, spectra of faint galaxies are difficult to acquire and evaluate. This

problem has motivated the development of important astrophotonic devices which

effectively suppress OH emission lines before a fiber-fed IR spectrograph (see

Sect. 4.1).

Direct detection of exoplanets With photometric and time series observations of

directly imaged exoplanets we can gain a wealth of information, constraining orbital

parameters, size, temperature, surface properties and rotation rate (Traub and

Oppenheimer 2010). To perform such observations is challenging, with the planet

and star being separated by sub-arcsecond distances with a star-planet contrast of

106–1010. This means advanced Adaptive Optics (AO) systems are needed, often

supplemented by a coronagraph to block light from the star. State-of-the-art systems

often employ an additional spectrograph, some with IFU capabilities, such as the

IFUs for SPHERE (Claudi et al. 2008), GPI IFU (Chilcote et al. 2012) and CHARIS

(SCExAO) (Peters et al. 2012). IFUs not only allow the characterization of the

planetary atmosphere (Bowler et al. 2010), but open up the possibility of further

reducing contrast using techniques such as spectro-differential imaging (Racine

et al. 1999) and molecule mapping (Hoeijmakers et al. 2018).

2.3 High-angular resolution

iImaging is the second main pillar of modern observational astrophysics, with the

requirement of ever higher angular (or spatial) resolution (i.e., beyond the limit

imposed by the seeing) being shared by a large number of science cases.
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In the last four decades, developments towards high-resolution imaging

techniques have taken four main paths: development of large space telescopes,

lucky imaging, ground-based adaptive optics, and optical long-base interferometry.

The first three techniques allow the recovery, either partially or fully, of the

diffraction-limit of the telescope, thus achieving angular resolutions ranging from

some hundreds of mas to a few 10 mas depending on the wavelength band and the

telescope aperture. Until recently, the main limit of space telescopes was

represented by the limitations in weight and size of the payload of existing space

carriers. This limited the aperture of the Hubble Space Telescope to 2.4 m, but

represented still (at the time of launch) a remarkable improvement in resolution

(� 100 mas in the visible) as compared to existing ground-based facilities. Lucky

imaging techniques could in principle rival or even exceed the capabilities of HST,

but entail a considerable data rate and post-processing overhead. Adaptive optics

has seen an impressive development and widespread use in the last three decades,

but (with some rare exception) is mostly confined to less demanding infrared bands

and thus to resolutions above 100 mas. The European Extremely Large Telescope

with its extreme AO system and an aperture of about 40 meters is expected to push

this limit to a few 10 mas.

Currently, the only technique capable of extremely high resolution at optical

frequencies is long-baseline interferometry, which allows the synthesis of diffrac-

tion-limited apertures of several 100 meters. Again the technique is mostly possible

at near- to mid-infrared wavelengths, with resolutions ranging from 1 to 10 mas.

These techniques have opened new opportunities in the investigation of the

universe, the most significant achievements being related to the investigation of the

early stages of stellar/planetary evolution and of the inner regions of galactic nuclei.

Adaptive optics and speckle/lucky imaging in the infrared (Ghez et al. 1993; Leinert

et al. 1993; McCabe et al. 2006; Correia et al. 2006) have complemented radial

velocity surveys (Mathieu 1992) on young stars, confirming early studies showing

that stellar multiplicity is a frequent property of solar-type stars with a binary rate

larger than � 50% (Duquennoy and Mayor 1991). The access to milliarcsecond

resolution delivered by long baseline interferometry allowed furthermore to

conclude that binarity was the norm rather than the exception (Sana et al. 2014).

High-resolution observations of circumstellar disks of nearby young stars with

the Hubble Space Telescope (HST) (Padgett et al. 1999; Bally et al. 2000; Kalas

et al. 2005, 2007), with AO-assisted ground-based instruments at Keck and VLT

(Perrin et al. 2006; Duchêne et al. 2010; Garufi et al. 2017) or with long-baseline

interferometers such IOTA, and VLTI (Monnier and Millan-Gabet 2002; van

Boekel et al. 2004; Renard et al. 2010; Lazareff et al. 2017) resulted in a deeper

knowledge of the first stages of planetary and stellar formation, significantly

contributing to the improvement of theoretical models.

The possibility enabled by imaging long-baseline interferometry to observe the

surface of giant stars (Buscher et al. 1990) stimulated a new development in the

study of convection structures in evolved stars (Buscher et al. 1990; Paladini et al.

2018; Roettenbacher et al. 2016; Ohnaka et al. 2017) and for testing theoretical

models of fast rotating stars (Monnier et al. 2007).

123

Astrophotonics: astronomy and modern optics Page 13 of 81 6



Long baseline interferometry at Keck and VLTI elucidated the spatial properties

of the circum-nuclear dust and the K-band nuclear emission in (AGNs) (Swain et al.

2003; Burtscher et al. 2016), while is the combination of milliarcsecond angular

resolution and reverberation mapping may result in a new approach to cosmic

distances estimates (Hönig et al. 2014).

High-angular resolution techniques have been successfully used to push the limit

of astrometric precision in the micro-arcsecond range. Examples are some of the

major results in the Galactic Center obtained thanks to the sharpest adaptive-optics

images of the nuclear star cluster around Sagittarius A� (Schödel et al. 2002;

Gillessen et al. 2017; Do et al. 2019) and the recently started 10-las campaign with

the GRAVITY interferometer (GRAVITY Collaboration et al. 2017, 2020), which

may further change our understanding of strong gravity physics, while building on

previous technical progress achieved in the development of astrometric long-

baseline interferometers such as PTI (Colavita et al. 1999), PRIMA (Delplancke

et al. 2006; Sahlmann et al. 2013) and SIM (Unwin et al. 2008).

2.4 High-contrast techniques

High-contrast science may refer in the first place to the dynamic range of an image,

or the amplitude between the readout noise and the saturation limit of the detector.

This is particularly an important requirement for the study of stellar clusters, where

a compromise between sensitivity and dynamical range needs to be found by

adjusting the detector (low/high) gain mode. However, with the rapid expansion in

the last decades of the field of exoplanets and planet formation, high-contrast

science has developed strong ties to the detection and imaging of faint targets and

structures in the immediate vicinity of a bright central source.

Spectacular results in the field of exoplanets and disks have been obtained with

the use of coronagraphic instruments capable of significantly reducing the glow of

the central star (Oppenheimer and Hinkley 2009). Giant planets have been imaged

within 0.500 and arcseconds from the their parent A-type stars (e.g.Kalas et al. 2008;

Marois et al. 2008; Lagrange et al. 2009) and offer hence excellent prospects for the

future spectroscopic characterization of their atmospheres (Janson et al. 2010;

Bonnefoy et al. 2016). Spatially resolved sub-structures such as warps and spiral

arms have been observed in disks around AU Mic (Boccaletti et al. 2015) and

Herbig stars (Benisty et al. 2015) using high-contrast techniques. Very high-

precision interferometry in the near-infrared has been successfully employed to

characterize the population of debris disks in the Solar neighborhood (Ertel et al.

2014). Beside the existing experience, nulling interferometry may experience a new

revival, following the DARWIN/TPF studies (Fridlund 2004; Cockell et al. 2009),

for the spectroscopic evidencing of biological biomarkers in the atmosphere of

Earth-like planets (Kammerer and Quanz 2018). The recent discovery of a

terrestrial, non-transiting, planet orbiting our closest neighbor Proxima Centauri

(Anglada-Escudé et al. 2016) will certainly further motivate rapid advances in the

field of high-contrast techniques.

Concerning the instrumental requirements applying to high-contrast techniques,

the wavefront phase needs to be controlled as well as, or even more stringently than,
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for imaging or classical long-baseline interferometry. Since contrasts from 10�3 to

10�9 need to be achieved, effects related to imperfect Strehl ratios, control of pupil

rotation, PSF centering, surface scattering, local intensity mismatches, differential

polarization and long-term stability need to be addressed to achieve small inner-

working angles (IWA) (Mawet et al. 2012) or deep and stable nulls (Mennesson

et al. 2014a). For science cases relevant to exoplanets and planet formation, the

requirement of observing in the thermal infrared (L to N, Q astronomical bands) is

of high relevance since here the flux contrast between the central star and the planet/

disk is more favorable than in the near-infrared or in the optical regimes.

Considerations on the spectral richness of infrared spectra in terms of dust & gas

tracers and bio-signatures is a further motivation to operate at longer wavelengths.

While a high total throughput is desirable to be sensitive to the faintest objects, the

possibility to observe in broadband conditions is of high importance as well.

2.5 Metrology and calibration techniques

While not strictly related to one specific science case in astrophysics, the techniques

employed for calibration and metrology in support of ground- or space-based

observations are indispensible for an optimal interpretation of the science data.

One approach, definable as a passive calibration and likely the most used,

consists in observing an astrophysical standard with exactly the same instrumental

setup as the one adopted for the science target to identify features extrinsic to the

object of interest and calibrate them out. The correction of strong telluric features in

spectroscopy, the measurement of photometric standard stars for photometry, and

the acquisition of so-called PSF reference stars for spatially resolved imaging are

common examples of passive calibration.

Beside this, it is also common to use active calibration systems when a precise

knowledge of the time-dependent long-term drifts and stability/uniformity is

required, which may be difficult to monitor with on-sky calibration. A good

example is high-resolution spectroscopy with a typical resolving power of

R ’100,000 when precise radial velocity measurements are sought for the detection

of planets. Since the relative spectral shift of the stellar lines must be determined to

a precision on the order of m/s, meaning a precision of � 1/1000 resolution element,

high-stability calibration sources such as Thorium-Argon lamps or iodine cells have

been employed to track instrumental drifts. While spectral lamps have been central

for the operation of the HARPS optical spectrograph, the ESPRESSO spectrograph

at the VLT will make use of spectral templates of superior stability and accuracy

delivered by a laser frequency-comb Pepe et al. (2010). Artificial sources are also

employed to assess the spatial flatness of a detector response, or the quality of the

sky thermal background suppression at infrared wavelengths. In wide-field imaging

applications, static and dynamic field distortion effects need to be traced, which is

typically achieved using an artificial scene of widely and uniformly distributed point

sources. Finally, the effective suppression of unwanted sky lines at optical and near-

infrared wavelengths by means of carefully tailored narrow-line filters is also highly

desirable.
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Metrology becomes critical when unavoidable drifts and flexures of a large

facility or instrument hamper the ultimate expected accuracy. Mechanical move-

ments can be traced with high accuracy using interferometric methods with a stable,

narrow line laser source. For instance, a Helium-Neon laser metrology can achieve

(sub-)wavelength position accuracy at 633 nm with an intrinsic relative precision

better than 2�10�9. Some application cases can be mentioned: the laser metrology

system of the high-precision astrometry instrument Gravity/VLTI launches its 1.9

lm laser beam from the interferometric lab up to the telescope pupil to trace back

the path of the astrophysical beam (Lippa et al. 2016). Considering that the

astrometric angle Da=DOPD/Bp, the uncertainty on the length of the projected

baseline needs to be sufficiently small not to dominate the overall error budget. With

a laser metrology, the precision on the length of the interferometric (projected)

baseline Bp greatly surpasses what is typically delivered by pointing models;

another example of critical metrology need is found with the NEAT (now Theia)

project of space-based high-precision astrometric mission (Malbet et al. 2012; Theia

Collaboration et al. 2017). The small differential displacement of an Earth-hosting

star with respect to the background reference stars due to the orbiting planet can

only be measured if the uncertainties on the geometry of the focal plane array (FPA)

are calibrated to sub-microarcsecond over many arcminutes (a precision below 10�5

pixels). An interferometric laser metrology system illuminating the FPA can help to

retrieve the position of the PSF centroid (Crouzier et al. 2016).

The instrumental requirements inherent in active calibration and metrology are

clearly driven by an excellent knowledge and understanding of the implemented

hardware: this means that particular care needs to be taken to study the spectral

content, stability and repeatability of a calibration lamp. Modern laser sources have

made enormous progress in that respect. The characterization of the transparency

range, optical quality and modal content of any passive component involved in the

calibration chain (e.g. filters, optical fibers, phase modulators) must result from

dedicated lab testing and, ideally, rely on high-TRL devices. Finally, the possibility

to simplify the optical design of any calibration or metrology system for stability

should be considered as an important requirement: in this sense, optical fibers that

can efficiently transport, filter or mix light from different physical locations will

play an increasingly important role in astronomical instrumentation.

3 A very short introduction to photonics

In this review, we present astrophotonic instrumentation not only according to their

astronomical use, but also from the perspective of the employed photonic

technologies. To this end, we use this chapter to introduce basic photonic concepts,

such as waveguides and optical modes. These concepts will be used in Sect. 4 to

classify astrophotonic instruments and discuss their properties.

Photonic components can be broadly divided into passive and active devices.

Passive devices are optical elements introducing a static modification to the

properties of light. In these devices, the light power is preserved or, more often, is

reduced by losses. In contrast, active devices can dynamically modify the state of
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light by means of an interaction with an external agent. The output light power in

active devices can be greater than its input, the gain being supplied by an external

power source (e.g. electricity). As mentioned, in this review we will discuss

photonic applications to astronomy based on components modifying the properties

of light on spatial scales of the order of the wavelength of light. Under this

classification, we can include micro-optics, phase masks such as gratings (see

Sect. 4.1), or vortex phase masks (see Sect. 4.4) but not conventional lenses, which

do not require the structuring of an optical surface at the micro–nano-scale.

A fundamental component falling in our classification of passive photonic

devices is the optical waveguide. This is an heterogeneous optical medium

consisting of a region of space with high aspect ratio (the core) characterized by a

refractive index higher than its surroundings (the cladding) and transverse

dimensions comparable to the wavelength of light. In such a medium, light can

be confined in the core and propagate along the long axis (or longitudinal axis,

conventionally oriented to coincide with the z-coordinate axis) thanks to the

phenomenon of total internal reflection. The physical principle underlying

waveguiding can be exemplified by simple considerations in the frame of the

geometrical optics approximation. Neglecting light interference effects, we can

show that light can propagate in the core of the waveguide if the external divergence

angle of light (with respect to the longitudinal axis) is smaller than the numerical

aperture of the waveguide:

NA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2co � n2cl

q

; ð2Þ

with nco and ncl being the refractive indices of the core and the cladding, respec-

tively. The exact modeling of waveguides with transverse core dimensions com-

parable with the wavelength of light requires the solution of wave-equations and the

introduction of the concept of spatial modes, as outlined below.

Optical waveguides can come in the form of a glass fiber or as an element of an

integrated optical circuit, i.e., waveguides manufactured on a glass substrate. The

state of light in waveguides can be manipulated by means of more complex passive

components analogous to macroscopic devices, such as beam splitters (optical

couplers), mirrors (Bragg gratings and micro-resonators) or phase plates (birefrin-

gent waveguides).

As active devices of interest for astrophotonics, we will consider mainly lasers

and phase modulators. Lasers are optical media in which the population of electrons

of a radiative electronic transition is inverted with respect to the state of thermal

equilibrium. The population inversion is typically obtained by injecting power in the

medium as optical radiation or electrical current. Light resonant to a radiative

transition in an inverted medium is amplified coherently because of the occurrence

of stimulated light emission. Lasing media are typically placed in an optical

resonator, where light can be amplified by many orders of magnitude by passing

repeatedly in the amplifier thanks to multiple reflection in the resonator. The laser

resonator can be fabricated within a single optical fiber or waveguide using FBGs as

mirrors, or manufactured in semiconductor waveguides within a laser diode.

Photonic phase modulators are devices using an electrical signal to induce a local
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variation of the refractive index in a waveguide, which can advance or retard the

phase of a guided optical field. They are typically based on the electro-optical effect,

by which a constant electrical field can alter the birefringence properties of the

medium. By including a phase modulator within an integrated Mach–Zehnder

interferometer amplitude modulators can be realized as well.

3.1 Optical modes

An important concept in photonics is the optical mode, which is a stationary state

(or eigenstate) of an optical system originating from its boundary conditions and the

wave nature of light.

Mathematically, modes are solutions of differential equations which describe the

physical system under study. Optical modes are solutions of the electromagnetic

wave propagation equation:

r�r� E� n2ðxÞ
c2

o2E

ot2
¼ 0; ð3Þ

which is straightforwardly derived from the Maxwell equations. Here nðxÞ is the

spatially varying refractive index and c is the speed of light. This equation is usually

cast into an eigenvalue problem assuming a harmonic dependence in one or more

coordinates. As an example, consider the case of the weakly guiding optical

waveguide, i.e., a waveguide satisfying the relationship Dn ¼ nco � ncl � ncl. In
this case, we can safely assume that the electromagnetic field is transverse with

respect to the axis of the waveguide and that the vectorial components of the electric

field are decoupled. This allows writing the wave equation in a scalar form for the

amplitude of one of the polarization directions of the field:

r2Ex;y �
n2ðxÞ
c2

o2Ex;y

ot2
¼ 0: ð4Þ

If the refractive index profile of the core is invariant along z, the z-(longitudinal)
component of the electric field has a harmonic dependence on time and z:

Ex;yðx; y; z; tÞ ¼ wðx; yÞ � exp½iðbz� xtÞ� þ c:c:: ð5Þ

As a consequence, the transverse profile of the field wðx; yÞ obeys the following

eigenvalue equation, derived by substituting Eq. (5) in the scalar wave equation

Eq. (4):

o2

ox2
þ o2

oy2
þ nðx; yÞx

2

c2

� �

w ¼ b2w; ð6Þ

where n(x, y) is now the refractive index distribution in the transverse (x, y) plane,
which attains its maximum in the region of the core. If the refractive index distri-

bution has a peak, the eigenvalue equation has a discrete set of solutions, which

represent the transverse modes of a waveguide. The eigenvalues are found by

imposing everywhere continuity in value and derivative to the field wðx; yÞ, a
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consequence of n(x, y) possessing at most a finite discontinuity in value (Snyder and

Love 1983, Chapt. 33). Step index waveguides with circular cross section, i.e.,

waveguides with a cylindrical core of constant refractive index and abrupt transition

to the cladding, are a particular subgroup of waveguides which possess mode

profiles in analytical form. They represent a good approximation of real optical

fibers, which can support one or more discrete modes, the modal behavior being

parametrized by the normalized frequency V:

V ¼ 2p
k
a � NA; ð7Þ

where a is the core radius and k the free space wavelength of the light. For V smaller

than 2.405, circular waveguides can support only a single mode. Asymptotically the

number of modes supported by a step index waveguide with circular cross section is

given by:

N ¼ V2

4
: ð8Þ

Modes can also have a longitudinal attribute, as is the case of optical resonators,

regions of space where light is trapped such as in the volume between two parallel

plane mirrors. The mirrors introduce a boundary condition for the electromagnetic

field similar to that of a vibrating string (the optical field vanishes at the mirror

surface) so that only a discrete set of longitudinal waves characterized by an integer

number of half wavelengths are supported by the resonator.

Modes can be excited by matching an external optical field to the modal field

distribution at the boundaries of the photonic device. Examples are the excitation of

modes in a fiber by illuminating its tip with a beam having the same spatial

distribution of the mode or illuminating the semi-reflecting mirror of an optical

resonator with light tuned to the frequency of its stationary waves. Modes form a

complete orthonormal base for stationary fields sustained by the photonic

component and thus their complex amplitude aj can be obtained by projecting the

exciting field distribution Eextðx; yÞ onto the mode profile wjðx; yÞ at the interface:

aj ¼
ffiffiffiffiffiffi

nco
2

r

�0
l0

� �1=4
R

S wjðx; yÞE�
extdA

R

S wjðx; yÞ
�

�

�

�

2
dA

h i1=2
; ð9Þ

where S represents the external surface of the modal volume. The normalization in

this case is chosen so that the power carried by the jth mode is given simply by the

square modulus of aj.

3.2 Modes and seeing

Highly multi-mode fibers can be described safely in the frame of the geometrical

optics approximation. This gives us the possibility to use the brightness theorem

(Born and Wolf 1997), to describe the seeing limited PSF of a telescope in terms of

modes. Moreover, as the brightness theorem is basically a formulation of the second
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principle of thermodynamics (McMahon 1975), we derive a useful lesson regarding

mode transformation devices. The brightness theorem states that the power per unit

area and solid angle (the brightness) of the image of a source of light formed by a

passive optical system cannot exceed the brightness of the source itself. Since the

brightness is related to the temperature of the source, it is clear that a violation of the

brightness theorem could allow a perpetual motion machine to work. In a lossless

passive optical system the collected power is preserved; thus the brightness theorem

is equivalent to stating that the étendue of the source and the image are the same, the

étendue E being defined as the product of the source area A and its solid angle

divergence X:

E ¼ A � X: ð10Þ

We now consider an optical system consisting of a seeing limited telescope focusing

light on a multi-mode optical fiber placed in the focal plane. For the image of

starlight in the focal plane of a telescope of diameter DT and focal ratio F], the

ètendue can be written as

Etel ¼ pðhDTF]Þ2p
1

2F]

� �2

¼ p2

4
ðhDTÞ2: ð11Þ

Here the angle h represents the seeing. On the other side, the etendue of light

propagating in a step-index optical fiber can be written as the area of the core of

radius a by the square of the numerical aperture:

Efib ¼ pa2pNA2 ¼ V2

4
k2; ð12Þ

where we have used the definition of the normalized frequency V of the waveguide

Eq. (8). In this case, k2 can be interpreted as the etendue of a single optical mode.

Because in lossless systems the etendue of light is a constant, we can write

V2

4
k2 ¼ p2

4
ðhDTÞ2: ð13Þ

Recalling that the seeing angle can be roughly defined as k=r0, r0 being the Fried

parameter (the correlation length of the atmospheric refractive index distribution;

Fried 1966), we obtain

V2

4
¼ p2

4

DT

r0

� �2

; ð14Þ

in which the expression p2
4

DT

r0

� 	2

can be interpreted as the ‘modal content’ of the

point spread function of the telescope.

The conservation of brightness has further implications which add complexity for

astronomical instrumentation. In particular, it shows the impossibility to have a

passive, lossless device converting multimode light into a single mode (Welford and

Winston 1982). If such a device were possible, the brightness of light confined in the
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single-mode output should necessarily increase because of the reduction of

the\�etendue, thus violating the second principle of thermodynamics. This is the

reason why multimode devices with single-mode behavior such as the photonic

lantern Leon-Saval et al. (2005); Birks et al. (2015) distribute multi-mode light to

an equivalent number of single-mode waveguides.

In active devices, brightness is not preserved, but the corresponding reduction of

entropy is compensated by the necessity to extract information from the system.

This is for instance the case of an adaptive optics system coupled to a single-mode

fiber, which uses the information of the wavefront sensor to correct the wavefront

and concentrates the power in a single mode of the fiber. The reduction in entropy

associated with the correction of the aberrations is largely compensated by the

entropy increase of the wavefront measurement operation, which requires the

absorption of light on a detector.

3.3 Spectroscopy

In a simplified dispersive spectrograph, the light enters through a slit that selects a

small region of the field, the light is collimated, a prism, grating or other dispersive

element disperses the light, and a camera lens focuses the light onto a detection

surface. One of the most important requirements for spectroscopy is the achievable

spectral resolving power R ¼ k/Dk, which is usually driven by a particular science

case. It determines our ability to measure flux densities at two nearby wavelengths

separated by Dk. For grating spectroscopy, for example, the spectral resolving

power is given by

R ¼ mqkW
hDT

: ð15Þ

where m is the diffraction grating order, q is the ruling density (usually given in

lines per mm), k is the operating wavelength,W is the illuminated grating width, h is
the angular seeing and DT is the telescope diameter.

This means that in systems where diffraction is dominant (hDT ¼ k) the spectral
resolving power is limited by the properties of the diffractive element. However, in

non-diffraction limited cases (hDT [ k), R will be constrained by the implemented

dispersion element (e.g. grating, prism), the diameter of the telescope feeding it, and

the slit size itself. This dependence is well established in classical instrumentation

and further information can be found in spectroscopy textbooks (e.g., Schroeder

1987).

3.4 Modal noise

As mentioned in the previous sections, multi-mode fibers contain different modes

depending on their properties. Depending on the incident electric field, wavelength,

fiber stresses and strains different modes will be excited. With a constantly moving

telescope and changing atmosphere, this translates to an ever changing output

illumination pattern from the fiber. In an astronomical spectrograph, this
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phenomenon is known as modal noise and results in a variation of the measured

position of the light-spot barycenter on the detector, resulting in a measured

wavelength shift.

Whether this variation is important greatly depends on the science case, where

wavelength precision is not required this is not a problem; however, for highly

precise measurements, e.g. exoplanet detection, this can seriously influence the

accuracy of results (Rawson et al. 1980). There are various ways of controlling this,

for instance agitating the fiber (Baudrand and Walker 2001) and this works

sufficiently for the current generation of spectrographs, which aim for around 1 m/s

precision and work in the visible with many modes. However, this problem is

particularly pronounced as the number of the modes within the fiber is reduced,

statistically increasing the relative uncertainty due to this movement. The next

generation of instruments, which will aim for higher precision and those working in

the infra-red will be particularly affected.

It must also be noted, that reducing the number of modes to one (not including

polarization), eliminates this effect. However, it has been noted that polarization

then has a greater effect Halverson et al. (2015).

4 Astrophotonics

In this section, we review photonic devices developed so far for astronomical

instrumentation and classify them by astronomical technique and photonic function.

As indicated in Fig. 4, we distinguish the six main astronomical techniques (namely

spectroscopy, high angular resolution, hyperspectral imaging, high-contrast imaging

and metrology/calibration, detection enhancement) whose scope and requirements

Fig. 4 Astrophotonic instruments can be classified according to the scientific purpose (rows) and the
modal behavior (columns) of their key photonic component
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have been discussed in Sect. 2. The photonic functionality distinguishes three

categories depending on the modal content of the key photonic component of the

instrument, i.e., single-mode, multi-mode and mode transformation devices. Under

single-mode devices, we include continuous wave lasers operating at a single

longitudinal mode, or devices based on single-mode optical waveguides. Devices

such as laser guide stars and integrated optics beam combiners for interferometry

are, therefore, found in this category. Multimode devices are pulsed laser sources,

which emit a multitude of longitudinal modes, or devices based on multi-mode

optical fibers. Laser frequency combs or 3D spectroscopy instruments (MOS or IFS)

are typical representative of this category. In between the single-mode and the

multimode categories, we can find mode transformation devices, which modify the

modal distribution between input and output. These are for instance passive devices

such as the photonic lantern and diffraction gratings (MM to MM), phase masks

(SM to SM) or active devices as for example deformable mirrors in an adaptive

optical system (MM to SM). The table in Fig. 4 thus gives an overview of the

astrophotonic instruments according to the dual classification described above.

In the following pages the sub-sections are devoted to the aforementioned

astronomical techniques, while paragraphs distinguish the various photonic

functionalities underlying the instruments.

4.1 Spectroscopy

Single-mode spectrographs The mismatch between the diffraction-limited resolu-

tion of the telescope k=DT and the seeing h reduces the spectral resolving power of

the spectrograph, which can be restored only by making the grating (and hence

instrument) larger or reducing the size of the slit (which can cause a loss in light

unless techniques such as image slicing are used). The smallest spectrograph is then

in general the one for which k=DT ¼ h, the so-called diffraction-limited spectro-

graph. From the point-of-view of astronomical instrumentation, a truly diffraction-

limited spectrograph could offer, besides size reduction, two further main

advantages. Firstly, improved stability through the elimination of modal noise in

fibers (see Sect. 3.4), and second, a further reduction of cost, thanks to either mass-

produced components for the photonic market or smaller conventional components.

Astrophotonics aims to create diffraction limited spectrographs by feeding the

spectrograph with one or multiple (SMFs) acting as spatial filters (a single-mode

spectrograph). Whilst the idea of using spectrographs fed by SMFs is not new to

astronomy, coupling starlight to them is notoriously inefficient, due to atmospheric

turbulence (Shaklan and Roddier 1988). A sophisticated AO system is therefore still

mandatory to reduce coupling losses. Before truly single-mode (SM) coupling was

considered, there were attempts using few-mode fibers (FMF) in 1998 (Ge et al.

1998), though with a light loss still unacceptable for astronomical spectroscopy.

This restriction means most current spectrographs are fed using multi-mode (MM)

fibers. In recent years, developments in extreme adaptive optics (ExAO) systems

now routinely allow high Strehl ratios and hence increasingly efficient coupling into

SMFs. This is leading to the first generation of SMF fed instrumentation, with
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examples of coupling tests on SCExAO (Jovanovic et al. 2017b) and full

instruments in Minerva-red (Blake et al. 2015) and iLocater (Crepp et al. 2016).

Single-mode reformatters and spectrographs To overcome the requirement of

using ExAO while preserving a high-throughput, single-mode spectrographs fed by

a photonic lantern (PL) Leon-Saval et al. (2005); Birks et al. (2015) have been

proposed (e.g. the Photonic Integrated Multi-Mode Spectrograph (PIMMS); Bland-

Hawthorn et al. 2010). PLs are tapered optical fibers which adiabatically transform

a MM optical fiber into a collection of SMFs. Light injected at the MM end of the

device is distributed without losses in the output SMFs provided their number is at

least equal to the number of modes supported in the MM end. A lossless transition

to fewer fibers is in fact prohibited by the brightness theorem (see Sect. 3.2). PLs

come in the form of fibers Leon-Saval et al. (2005) or integrated 3D waveguides

Thomson et al. (2012); Spaleniak et al. (2013) and can provide single-mode

functionality to multi-mode fiber (MMFs). This quality, originally exploited for the

development of astronomical notch filters (see below), allows in principle efficient

coupling from seeing-limited telescopes, while allowing light dispersion with a

compact single-mode spectrograph. The PIMMS concept has two possible

implementations, either the SMF ends are rearranged into a linear array acting as

the pseudoslit of a spectrograph (also known as reformatting of light), or they are

fed to integrated spectrographs (see next paragraph). Further elaborations of the

PIMMS concept have been conceived or developed. The simplest is the photonic

Tiger concept (named for the fiber fed Tiger IFU Courtes 1982). This means the

spectra need to be dispersed such that none of the inputs overlap. Alternatives have

been put forward, to use ultrafast laser inscription (ULI) to write a 3D integrated

optical component reformatting the multi-core fiber (MCF) into a long slit. These

are either separate waveguides (Thomson et al. 2012; Spaleniak et al. 2013) or the

waveguides are joined together to form a long slit (MacLachlan et al. 2016a). The

advantage of this method is similar to conventional slit techniques, maximizing use

of the detector. In addition, fiber reformatters, taking the point spread function

(PSF) from the telescope and reformatting into a slit have now been proposed and

tested in the lab, showing high levels of throughput (Yerolatsitis et al. 2017). These

are efficient, but in their current form limited to low mode counts due to the

complexity of the devices.Throughput in low-mode fibers can be improved by

improving the PSF of the telescope with a low order AO system (Harris et al. 2015).

A preliminary numerical investigation of the trade-off between telescope beam

quality and throughput is presented in Diab and Minardi (2018). Some of these

devices have been tested on sky either with a spectrograph (e.g. the TIGER

spectrograph Leon-Saval et al. 2012), or without (e.g. the Photonic dicer, Harris

et al. 2015, and the hybrid reformatter, MacLachlan et al. 2016b).

Integrated photonic spectrographs As astronomical instruments are constantly

growing in size, techniques allowing the reduction of their size and complexity are

very popular. In telecommunications, this has been an aim for many years, resulting

in the delivery of mature devices on centimeter size scales.

The idea of using these technologies in astronomy was suggested as early as the

mid 1990s by Watson (1995, 1997) and was initially based upon Arrayed

Waveguide Gratings (AWGs). The AWG works in a similar way to a conventional
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spectrograph, though embedded within a glass chip, which reduces size and

alignment complexity. A sketch of the device is illustrated in Fig. 5. The initial

single-mode waveguide can be considered as the slit, or feeding fiber to the

spectrograph. The beam diffracts in the first free propagation region, which acts as a

collimator thanks to the confocal curved surfaces of its edges (Goodman 2003,

Chapt. 4). The expanded beam is sampled by an array of waveguides which, thanks

to their curved paths, add a constant incremental phase difference to the light

propagating in neighboring waveguides. The output of the array of waveguides is

connected to a second free propagation region, this time acting as a camera lens.

Similarly to a conventional spectrograph, spectral lines are focused at the curved

exit surface of the free propagation region only if the optical path difference from

the focus to any pair of outputs of the output array is an integer multiple of the

wavelength. In telecommunication applications, single-mode fibers at the output of

the second free propagation region are placed at regular intervals to collect the light

of separate wavelength-demultiplexed communication channels. Since the incre-

mental optical path difference introduced by the array of waveguides usually

corresponds to several optical wavelengths, the AWG operates at high diffraction

order (� 25) like a conventional echelle grating. As a consequence, the free spectral

range (FSR) of the AWG is very small, and their use for astronomy requires the

introduction of a cross-disperser at its output to separate the diffraction orders.

At the time of Watson (1995) the AWG technology was not considered

sufficiently developed to be used for astronomy. During the 2000s, the technology

was reconsidered by Bland-Hawthorn and Horton (2006) who compared the AWG

and Phased Echelle Grating (PEG) and concluded that the technology was now

sufficiently developed for use in astronomy.

Fig. 5 A schematic of an astronomical Arrayed Waveguide Grating (AWG). Here the input is single-
mode waveguide, which is fed by light from the telescope. This light passes through the input free
propagation zone and enters the waveguide array where a phase difference is added (analogous to a
grating). The light is recombined in the output free propagation zone and the spectrum is sampled either at
the output of the chip or cross dispersed. Image reproduced with permission from Douglass et al. (2018),
copyright by OSA
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The first on sky test of a modified commercial AWG was performed at the

Australian Astronomical Telescope (AAT), formerly the Anglo-Australian Tele-

scope in Australia (Cvetojevic et al. 2009). For this test the device was coupled to

the telescope using a single, SMF. This led to low coupling efficiency with the

seeing limited AAT, though high enough to pick up the atmospheric emission lines.

As mentioned, due to the designed low FSR (	 57 nm) of the device, the IRIS 2

Tinney et al. (2004) spectrograph was used to cross disperse the output to obtain a

useful FSR for astronomy. This first prototype displayed a spectral resolving power

of around R 	 2100 in the lab, which was suitable for low-resolution applications

(see Sect. 2.1).

In the next set of experiments, various improvements were made (Cvetojevic

et al. 2012). These included (1) optimizing production of the devices for efficiency,

(2) removing the tapers of the input waveguides in the free propagation zone (FPZ)

(which permitted an increased spectral resolving power), and (3) improving the

coupling efficiency with the telescope using a PL. A single optimized AWG was

then coupled to the IRIS2 spectrometer for cross dispersion.

Recently more efficient devices have focused on improving coupling, either

through using a SMF with the extreme AO system SCExAO Jovanovic et al.

(2015, 2017a) or with a PL input (Cvetojevic et al. 2017). However, the

experiments using the PL were shown to induce modal noise due to a modal

mismatch between the MMF and PL used (Cvetojevic et al. 2017). This shows the

importance of correctly designing integrated photonic spectrograph (IPS) systems

and photonic systems in general.

There have also been advances in developing custom AWGs for astronomy.

These have been successfully manufactured for low spectral resolving power (e.g.

Gatkine et al. 2016, 2017). Whilst a high spectral resolving power (of order R =

60,000) AWG Stoll et al. (2017) has been designed, these are more difficult to

manufacture and as of writing none have been successfully produced.

Another category of integrated spectrometers proposed for astrophotonic

applications is based on the measurement of the temporal coherence of light in a

waveguide. The so called Standing Wave Integrated Fourier-Transform Spectrom-

eter (SWIFTS; Le Coarer et al. 2007) consists in a sensing waveguide coated with a

regular array of gold nano-antennas, used to sample an optical standing wave

trapped in the waveguide. To generate the standing wave, the outputs of a two-way

waveguide splitter are connected to both ends of the sensing waveguide.

Alternatively, light is injected at one end of the sensing waveguide, which is

ended by a reflecting mirror. The standing wave is then formed near the mirror

interface (Lippmann configuration). The nano-antennas are excited by the

evanescent field of the guided mode and radiate light, which can be collected by

an optical microscope. As a consequence, only a sub-Nyquist sampling of the

standing wave is possible. This implies that the SWIFTS can be used at very high

resolving powers (100,000 or more) on very small bandwidths. A possibility to

achieve Nyquist sampling is to split the incoming light on an array of SWIFTS in

Lippmann configuration, with the end mirror cut at an angle allowing to introduce

an incremental phase shift for each SWIFTS, which can be used to densify the

sampling of the standing wave. Even though they were initially proposed for
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astrophotonic applications Le Coarer et al. (2007); Kern et al. (2009) (see also

Sect. 4.2), SWIFTS have intrinsically a low sensitivity, since the out-coupling

efficiency of the nano-antennas should be low enough to avoid depleting the

standing wave within a few optical cycles. Nonetheless their extremely small

footprint and the possibility to paste the detector directly on the chip surface makes

them attractive and sensitivity can be traded off for an increased multiplexing of the

instruments.

OH suppression The constantly varying OH lines in the night sky are a large

problem for ground based observations of faint objects in the NIR, as for instance

galaxies of the ‘cosmic noon’ which possess a redshift of z� 2 (Bland-Hawthorn

et al. 2004). To reduce the intensity of the telluric lines, the use of a tailored mask

covering them in the focal plane of a high-resolution spectrograph has been

attempted with a certain success (Iwamuro et al. 1994). However, focal plane masks

cannot remove the Lorentzian tails of the PSF of the spectrograph, which scatter

light in the interline spectrum and add background to the target spectrum. Though

small, this effect is a significant contributor to noise in the spectra of the faintest

objects.

To achieve ultimate suppression of OH lines, filtering should be introduced

before the spectrograph. Following this approach, multi-notch filters Offer and

Bland-Hawthorn (1998) and volume holograms Blais-Ouellette et al. (2004) were

proposed, but the developments did not reach the level of prototype test on sky due

to technical limitations of the fabrication methods. A more promising approach

involves the use of FBGs in SMFs (Bland-Hawthorn et al. 2004, 2011). A FBG is a

periodic refractive index variation within the core of a fiber. Because of the

boundary conditions at the interface of media with different refractive index, the

FBG acts as a periodic collection of semi-reflecting mirrors with tiny reflectivity. If

the period of the grating is equal to an integer multiple of half wavelengths of the

light, all these reflected waves can interfere constructively and the fiber acts as a

narrow-band reflecting mirror (see Fig. 6a). As discussed, coupling starlight into an

Fig. 6 a The top shows a schematic of a fiber Bragg gratings (FBG). Refractive index variations in the
core of the fiber act as a Bragg reflector and reflect periodic wavelengths c back in the fiber whilst
transmitting other wavelengths (d). Adapted from Bland-Hawthorn et al. (2011). b Schematic of a ring
resonator, adapted from Ellis et al. (2017). Light from the ‘input’ waveguide is evanescently coupled into
the ring and on resonance light is coupled to the ‘drop’ waveguide, off resonance passes back to the
‘through’
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SMF is very inefficient, the reason why MMFs are preferred. The reflection line of a

FBG written in a MMF splits however in several lines due to the slightly different

effective wavelength of each guided mode which smear the reflection spectrum and

reduce the overall rejection ratio of the filter. To get a single-mode-like FBG, MMF

photonic lanterns were invented Leon-Saval et al. (2005). After conceptual

development the devices were trialed on sky with the GNOSIS spectrograph. The

AAT fed a 7 element IFU, one of which was picked off by a MMF. This fed a 1 x 19

core PL, turning the MMF into 19 SMFs. Each of these fibers contained a collection

FBGs tuned to reflect 145 OH lines in H-band; the filtered light was then fed to a

reverse PL, turning the SMFs into a MMF which fed the IRIS 2 spectrograph (Trinh

et al. 2013). Though this initial experiment was only used to examine the sky

background and no objects were observed, they found that the OH suppression

worked well.

Because of the time consuming nature of writing FBGs into SMFs, other methods

of manufacturing them have been proposed, these include; (1) writing the gratings

directly into a MCF Lindley et al. (2014), though currently this suffers from

imperfections in the gratings due to focusing effects; and (2) using ULI to reformat

the waveguides into a straight line, avoiding focusing effects and write the gratings

there (Brown et al. 2012; Spaleniak et al. 2014).

The second generation instrument PRAXIS Horton et al. (2012); Ellis et al.

(2016) achieved a strong suppression of OH suppression, however the expected

removal of the scattered light background could not be proved, due to the high

thermal background of the warm optics of the spectrograph (Ellis et al. 2020).

Performing OH suppression using a telecom add-drop filter based on multiple

ring resonators has also been suggested (see Fig. 6b). These devices evanescently

couple light from the input waveguide (the bus waveguide) into a ring. If an integer

number of wavelengths matches the perimeter of the ring resonator (the resonance

condition), light drops from the bus waveguide and is ‘stored’ in the resonator. A

second waveguide placed opposite to the first one is eventually used to dump the

light stored in the resonator. For light off-resonance, no stationary field can be

sustained in the ring and light is completely transmitted through the first waveguide

into the spectrograph (Ellis et al. 2011, 2017). To properly suppress the OH night

sky emission, multiple rings are required and as such no on-sky demonstrators exist.

Incomplete scrambling and modal noise The majority of high-resolution, high-

stability spectrographs (with a few exceptions) are now fiber fed. This has two main

advantages; the first is that as fibers confine the light, this allows the spectrograph to

be optically independent from the telescope. This allows the final spectrograph to be

placed remotely in a controlled environment, making stabilization easier. The

second advantage is that fibers have better scrambling properties than other types of

spectrographs (e.g., Heacox 1988). This means that as light travels along the fiber it

is randomized, removing the imprint of the initial conditions of the light at the

telescope. This helps with stability in the final spectrograph as it is less sensitive to

atmospheric conditions, telescope movement etc. Despite being better, this

scrambling is still imperfect and some residual imprint will be left at the

spectrograph. To attempt to remove the residual imprint, two main techniques have

been trialed. Fiber scramblers (Heacox 1986, 1988), use double lenses to scramble
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both the near and far field. Alternative fiber geometries have also been trialed, such

as octagonal (Bouchy et al. 2013) or rectangular fibers (Jurgenson et al. 2016), the

latter of which also acts as an image slicer to increase resolving power. Excellent

results have been obtained also by a combination of a circular and octagonal fibers

(Stürmer et al. 2014). Both techniques reduce or remove the problem of incomplete

scrambling, particularly at lower spectral resolving powers, however at higher

spectral resolving power another problem becomes apparent. Known as modal noise

(see Sect. 3.4), this source of noise is due to the wave nature of light and vignetting

in the spectrograph (Goodman and Rawson 1981; Lemke et al. 2011). To remove

the modal noise in the final spectrum, the solution is to agitate the fiber (Baudrand

and Walker 2001). This ‘randomizes’ the illumination pattern of the modes over

time, evening out the resulting illumination pattern and reducing modal noise. The

agitation solution is limited, however, in what it can achieve. There are many

instruments under development, both at visible and NIR wavelengths with the

science case of detecting earth like planets around a M-dwarf. With the longer

wavelength of the light, or with smaller spatial sampling, removal of modal noise

becomes more of a problem as the number of modes is reduced (Iuzzolino et al.

2014). Modal noise was such a large problem in the NIR GIANO spectrograph that

the fiber section was replaced with a conventional slit in GIANO-B. It has been

suggested that the PL could be used as an efficient mode scrambler (Birks et al.

2012). In particular, these investigations have focused on optimizing the scrambling

properties of MCFs, using dissimilar core sizes (Haynes et al. 2014, 2018). Results

have been promising, with significant improvements over conventional fibers (Gris-

Sánchez et al. 2018).

4.2 3D and multi-object spectrographs

These instruments are well established in astronomy, and can be roughly broken

down into two types: MOS (multiple objects in different places) and IFS (the

techniques is also known as hyperspectral imaging, spatially sampling a contiguous

field containing one extended, or a few close objects). Early examples include

slitless spectroscopy, which removes the slit from the spectrograph, allowing the

objects to be dispersed using a prism onto a photographic plate or CCD (e.g., Comte

and Surace 1994). This has the advantage that multiple objects can now be

observed, but suffers from problems with crowded fields and extended objects due

to overlapping spectra. This means the technique is still in use today, though is less

common. Multi-slit spectroscopy can solve the problems of slitless spectroscopy,

using a cut mask with many smaller slits (e.g., IRIS 2; Tinney et al. 2004; and

VIMOS; Le Fèvre et al. 2003). This removes the unwanted stars, but it requires

accurate manufacture. Re-configurable fiber optic systems now also exist, which

increase versatility, such as placement in crowded fields and rearrangement of the

fibers to stop resulting spectral overlap on the detector, increasing the efficiency

with which the pixels are used (e.g., AAOmega; Sharp et al. 2006 and FMOS;

Kimura et al. 2010). This technique also allows the light to be brought to a

spectrograph on a stable platform further from the telescope. Whilst this introduces

extra optics (such as the addition of a de-rotator at the Nasmyth focus), it means the
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instrument can remain fixed with respect to the gravity field, increasing stability

(Bely 2003). Such instruments are now allowing huge surveys on smaller research

grade telescopes (e.g., BOSS Smee et al. 2013). IFS first began in the 1980s

(Vanderriest 1980), and it has rapidly expanded to become a mainstay within

astronomy. It is achieved through four main methods: image slicers (e.g., GMOS;

Dubbeldam et al. 2000; and NIFS; McGregor et al. 2003), lenslet arrays (e.g.,

SAURON Bacon et al. 2001), fiber slicers (e.g., Allington-Smith et al. 2002) and

microslicers (e.g., Content et al. 2013), these are shown and described in Fig. 3. It

must be noted that although these all use novel inputs, the spectrograph behind is

very similar to the long slit analogue. DFS is also a rapidly expanding field, with

instruments such as KMOS (Sharples et al. 2004) and FLAMES (Pasquini et al.

2002) paving the way for instruments planned for the next generation of Extremely

Large Telescope (ELT)s (e.g., IRIS; Larkin et al. 2010). Image slicing can also be

used to improve the spectral resolution of a spectrograph by reducing the width of

the slit (e.g., Avila et al. 2012) and using the technologies developed for MOSs and

IFSs allows the output from the telescope to be split into multiple replicated

spectrographs (e.g., VIRUS; Hill et al. 2004).

Astrophotonic integral field units IFUs were first developed in the 1980s. They

take a contiguous spatial sample of points and allow spectra to be taken. There are

many types of conventional IFU (see Allington-Smith 2006), all with respective

advantages and disadvantages.

Recently, multimode astrophotonic IFUs have been proposed in the form of

hexabundles. This involves taking multiple MMFs, removing the buffer and

reducing the the cladding through etching. These fibers are then arranged into an

array and fused together to form a hexabundle IFU. By processing the fibers in this

way, the fill fraction (the percentage of light sampled) can be increased. Care must

be taken in the process not to cause cross coupling (Bryant et al. 2011), leading to a

degradation in the signal.

To date, hexabundles are among the most successful spectroscopic components

for astrophotonics. Following on from their initial development, they were used in

the SAMI instrument on the AAT (Bryant et al. 2015), which was designed to

survey the kinematic structure of galaxies. A future instrument HECTOR is

currently planned (Lawrence et al. 2012), as an upgrade to SAMI it will use similar

techniques, but with greater and also variable spatial sampling. This allows the cores

of galaxies to be better sampled by the fibers.

IFUs consisting of a microlens array coupled to an array of single-mode fibers

have also been proposed, to miniaturize astronomical spectrographs. As these are

single mode, they would need to be fed by a diffraction limited beam to achieve a

high throughput. This means they need either a small telescope, a long wavelength

or extremely good AO correction. Currently there are variations in the form of the

RHEA (Feger et al. 2014), a MCF fed spectrograph with a microlens glued on-top.

Recently using MCFs with 3D printed microlenses on-top used as IFUs to feed

diffraction limited spectrographs has also been suggested (Dietrich et al. 2017) and

trialed on sky (Haffert et al. 2020).

Large scale IFUs for MOS has also been proposed for large telescopes with PSFs

far from the diffraction limit. These would take the PSF from the telescope using
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highly MM PLs and convert them to few-mode (FM) PLs (Leon-Saval et al. 2017).

Whilst the number of fibers would be large, converting down would allow access to

SM technologies such as FBGs or ring resonators.

Photonic spectro-interferometry Spectro-interferometry is the high-angular

resolution analogue of 3D spectroscopy, chromatically dispersing interference

fringes to measure the variation of their visibility across the spectrum. If a sufficient

number of different telescopes are combined, it is possible to retrieve interfero-

metric images of the target for each wavelength (Millour et al. 2011b), thus creating

a high-angular resolution (at the mas level) data cube as usually obtained at lower

resolution with 3D spectroscopy. In astrophotonic interferometric instruments such

as PIONIER or GRAVITY, the dispersion of the fringes is accomplished by

interfacing the outputs of the IO component to an imaging spectrograph. Concepts

and first experiments to accomplish the interferometric beam combination and

spectral dispersion in one single chip have been put forward in recent years. Kern

et al. (2009) proposed to combine an ABCD integrated beam combiner with a

SWIFTS (see Sect. 4.1) to accomplish high-resolution spectro-interferometry

(Fig. 7). The design consisted in splitting each output of the beam combiner in

two straight waveguides terminated by a tilted mirror coating. The standing wave

originating at the mirror surface can be retrieved by dotting the waveguide surface

with a periodic array of gold nano-wires, which are excited by the evanescent field

of the standing waves and couple the waveguide power to the free space. A camera

Fig. 7 Conceptual scheme of a fully integrated spectro-interferometer combining four telescopes.
SWIFTS devices are printed upon the output waveguides of an integrated ABCD beam combiner, which
can be read by detectors pasted on the surface of the photonic chip. Image reproduced with permission
from Kern et al. (2009), copyright by OSA
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can be pasted then to the chip so that the pixels correspond to the nano-wires, thus

avoiding the use of relay optics, to collect the radiated light. To be resolved, the

nanowires should be placed at distances much greater than the wavelength of the

exciting light, thus realizing a sub-Nyquist sampling of the evanescent wave.

However, the tilt angle of the mirror coated edge of the chip allows to shift spatially

one standing wave with respect to the other, realizing de facto a sub-nanowire-

period sampling of the standing wave.

In the same article, a generalization of the concept to a planar device combining 8

input channels in spectro-interferometric mode was also proposed. Differently to the

above mentioned scheme the sampling of the interference fringes would require

phase modulation of the input channels or perhaps the use of redundancy in the

fringe sampling to compensate for the large sampling period. None of these devices

have been fabricated so far. A possible intrinsic limitation of these schemes is that

the sampling of the standing wave should not deplete it significantly, thus only a

small fraction of the optical power carried by the interfering waves will be

effectively detected. On the other side, the complete spectro-interferometric device

would be very compact so that the low sensitivity could be balanced by small

dimensions and low weight.

The evanescent sampling of the field in the waveguide is also at the heart of a

spectro-interferometric device integrating an array of waveguides with a diffraction

grating manufactured and characterized very recently (Martin et al. 2017). This

device exploits the possibility to couple in and out light in a waveguide by means of

a suitable diffraction grating. Several parallel single-mode waveguides buried in

glass are arranged in a non-redundant array. On top of each waveguide, a diffraction

grating formed by an array of nano-void structures extract and disperse the signal

carried by each waveguide. Suitable focusing optics are then used to combine in free

space the spectra emitted by each waveguide in a multi-axial scheme. Both

waveguides and the grating were manufactured by means of ultrafast laser

inscription in Gallium Lanthanum Sulfide glass and were tested at a wavelength of

approximately 1560 nm. The grating was designed to give a resolving power of

R ¼ 13800 but achieved a measured resolving power of R ¼ 2500, allegedly due to

perturbations of the array periodicity and aberrations in the collection optics. This

device accomplishes the wavefront filtering through coupling in single-mode

waveguides and saves the space of the dispersive elements by means of a free-space

multi-axial beam combination scheme.

Finally, a fully integrated, active spectro-interferometer was presented by Su

et al. (2017) for wide-field aperture synthesis purposes. The planar integrated circuit

delivers the light collected in a few on-axis as well as off-axis points of microlenses

to 3-channel wavelength demultiplexers (centered at 1540 nm, 1560 nm and 1580

nm); the outputs are then are combined pairwise (on-axis with on-axis input, off-

axis with corresponding off-axis input) for each wavelength channel by 2� 2

couplers. Heaters were mounted on the waveguides before the couplers to perform a

fringe scan. Visibility functions of centered and laterally displaced slits were

measured successfully in the laboratory. The prototype featured propagation losses

of several decibels, making the device not yet suitable for astronomical use.

However, the device is compact and can be in principle easily scaled up to combine
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several triplets of telescopes or sub-apertures at low cost, again features which could

balance the low efficiency in a cost/benefit analysis.

4.3 High-angular resolution

Long-baseline interferometry The idea of using photonic components for long

baseline stellar interferometry dates back to the beginning of the 1980s when a first

analysis of the impact of optical fibers for the interferometric connection of

telescopes was discussed (Froehly 1981). Fibers appeared as an economically viable

alternative to free-space optical links, especially in the case of very long baseline

([100 m) interferometers. Short afterwards proposals for a fibered space interfer-

ometer were put forward (Connes et al. 1985) and research addressed the

performance of optical fiber links respect to the requirements of ground- and

space-based stellar interferometry (Shaklan and Roddier 1987, 1988). Despite the

high insertion losses of single-mode fibers connected to a seeing-limited telescope,

the absence of speckle noise and modal dispersion were soon recognized as the key

features which could enable high-precision interferometry (Connes et al. 1987;

Rohloff and Leinert 1991). To improve throughput, a method based on M-line

spectroscopy (i.e., the technique allowing the angular separation of light carried by

each mode of a multi-mode waveguide) was proposed to combine mode-wise

telescopes connected by multi-mode fibers (Shaklan et al. 1992). Although an

experimental proof of principle of the scheme was carried out successfully in the

laboratory, further research focused only on single-mode fiber links. In particular, a

scalable laboratory simulator of a fiber-linked astronomical interferometer was

realized and tested (Reynaud et al. 1992). The demonstrator utilized fiber stretchers

for fast adjustment of the differential optical path between telescopes induced by

temperature changes and mechanical vibrations. The progress on laboratory tests as

well as the first test on sky of a fibered beam combiner (see below) motivated the

proposal of the OHANA interferometer, aiming at connecting with fibers the large

telescopes on the top of Mauna Kea (Mariotti et al. 1996; Perrin et al. 2000). The

prototype of a stabilized kilometric fiber interferometer was tested in the laboratory

and an assessment of the impact of differential chromatic dispersion effects was

undertaken (Vergnole et al. 2005; Kotani et al. 2005). Finally, first fringes in K

band of 107 Her were measured connecting the two Keck telescopes with fluoride

fibers but without active length stabilization (Perrin et al. 2006). Subsequent

experiments with 20 cm telescopes connected with a pair of 300 m-long silica fibers

showed the possibility to obtain fringes on bright stars in J and H band, but pointed

out the need for an active compensation system for the acoustic noise picked up by

the fibers (Woillez et al. 2017). More recently (Lehmann et al. 2019), an actively

stabilized 200?200 m fiber interferometer operating at telecom wavelength (1550

nm) was laid over the 160 m-long path outdoors between one of the CHARA

telescopes and the beam-combination facility on Mt. Wilson. Fibers were protected

from excessive thermal and mechanical perturbation by synthetic foam tubes.

Stabilization over several minutes was possible despite the relatively short stroke of

the fiber stretcher used to compensate the OPD (150 lm). An overall r.m.s. noise

level of 4 nm (corresponding to k=450 for H-band) was achieved. The test was done
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in the frame of the ALOHA project, aiming at extending through photonic solutions

the wavelength coverage of the CHARA array to the mid-infrared (MIR) (see also

Sect. 4.6).

To date, fibers have not been used for connecting telescopes beyond the reported

experiments. In contrast, the research on fiber links motivated the development of

single-mode photonic beam combiners, which led to the realization of astronomical

instruments, which are currently used for science. The first beam combiner

exploiting photonic technologies was FLUOR, a K-band instrument based of

fluoride glass fiber couplers (i.e., the fiber equivalent of a conventional beam

splitter), which could combine two telescopes and measure the interference fringes

as well as the light coupled in the fibers by each telescope (photometric signal)

(Coudé du Foresto and Ridgway 1992). The instrument proved definitely the benefit

of using the optical fiber as an effective spatial filter in the measurement of the

fringe visibility with a precision of 1% or better (Coudé du Foresto et al. 1997b).

FLUOR was initially tested at the auxiliary telescopes of the Kitt Peak solar

observatory and moved (in an upgraded form) to the IOTA facility in 1995 (Coudé

du Foresto et al. 1997a), where it delivered scientifically relevant data on star

diameters. An improved version of FLUOR was used as commissioning instrument

in K-band of the VLTI (Kervella et al. 2000) and is currently available at the

CHARA array for high-precision visibility measurements (Coudé du Foresto et al.

2003). The drawbacks of filtering the spatially incoherent focal spot of a seeing-

limited telescope with a single-mode fiber are a small average coupling efficiency

(see Sect. 3) and a dramatic variation of the transmitted photon flux over time scales

of the order of the coherence time of the atmosphere (Shaklan et al. 1992). While

the low coupling efficiency limits sensitivity, the fast flux variability negatively

impacts the signal to noise ratio of individual fringe measurements, requiring a post-

selection of the acquired frames (Tatulli and Duvert 2007). The combined use of an

AO system and a fringe tracker (i.e., a device compensating in real time for the

phase fluctuation induced by atmospheric turbulence) can solve both problems, as

we have seen with the introduction of the second generation instrument GRAVITY

at the Very Large Telescope Interferometer in Chile. To date, single-mode optical

fibers are routinely used for the spatial filtering of the starlight in beam combiners

which use multi-axial free space combination schemes such as AMBER (Petrov

et al. 2007) and MIRC (Monnier et al. 2004).

The success of the FLUOR instrument motivated research of beam combiners

based on integrated optics (Kern et al. 1997). Besides the potential for miniatur-

ization of complex optical setups, the main advantage of integrated over fiber optics

is the inherent thermomechanical stability of the optical paths in the former, due to

the fact that waveguides are shorter and are rigidly attached to a solid substrate. The

first 2-telescope planar integrated optics combiners for H band were manufactured

with silica etching (component LETI) and ion exchange (component LEMO) in the

late 1990s (Berger et al. 1999) and later tested on sky at the IOTA interferometer

(Berger et al. 2001). The combiners had an area of a fraction of cm2 and delivered

excellent visibility precision and accuracy at the 1% level on stars up to magnitude

ðH ¼ 2Þ. After this first demonstration of the potential of integrated optics, the
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challenge became to scale up the integrated components to combine a larger number

of telescopes (Berger et al. 2000), a functionality which would be rather impractical

to implement with fiber coupler technology. The IOTA facility was again used as a

testbed for the first 3-telescope integrated beam combiner (Berger et al. 2003),

which enabled initial interferometric imaging capabilities thanks to the measure-

ment of the closure phase. Developments of the near-infrared combiner technology

allowed to deliver by 2009 a first laboratory demonstrator of an H-band 4-telescope

combiner (Benisty et al. 2009) (Fig. 8), which was afterwards used in the visitor

instrument PIONIER at the VLTI (Bouquin et al. 2011) and delivered excellent

interferometric images of close binary stars and protoplanetary disks. Today, an

improved component operating in K band is at the heart of the GRAVITY

instrument (GRAVITY Collaboration et al. 2017), an AO-assisted instrument

capable of combining simultaneously the four 8-meter telescopes at VLTI and

reaching a limiting magnitude of ðK ¼ 17Þ in fringe tracking mode.

Ongoing research on photonic beam combiners can be divided into three

categories: (1) exploration of new combination geometries, (2) increase of the

number of combined telescopes, and (3) extension to wavelengths longer than

2:4 lm (absorption band of silica). In the first category, we mention the attempt to

harness the three-dimensional (3D) structuring capabilities of ULI (Gattass et al.

2006) in various glasses. One strategy is to manufacture traditional pairwise

integrated beam combiners (based on a cascade of couplers) exploiting the third

dimension to avoid waveguide cross-overs, which introduce detrimental cross-talk

Fig. 8 Scheme of the integrated optics beam combiner of the PIONIER instrument, which can
simultaneously retrieve the mutual coherence function of starlight collected by 4 independent telescopes
(adapted from Benisty et al. 2009). The light from the four telescopes is coupled to the 4 input
waveguides of the chip. Four three-couplers (highlighted in pale blue) divide the input light across 12
channels, which are mixed pairwise by the ABCD units (highlighted in green). The four outputs of each
ABCD unit deliver the 4 quadratures of one of the 6 possible pairs of input fields. Because of the planar
geometry of the integrated optics chip, the combination of each possible pair of inputs is achieved only by
crossing the waveguides at large angles (the so called cross-overs, marked with the red dot) which could
introduce some cross-talk between the interferometric channels. Bottom on the right a photograph of a
chip with three identical chips (Credit: IPAG Grenoble)
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between the interferometric channels and are unavoidable in planar, integrated-

optical, multi-baseline beam combiners. Following this approach, three telescope

beam combiners for the mid infrared (k� 10lm) were manufactured in gallium

lanthanum sulfide (GLS), a chalcogenide glass with transparency window extending

to the mid infrared, and tested in the laboratory (Ródenas et al. 2012). More recently

L-band, ABCD combiners for two telescopes and with cross-over avoidance were

manufactured and characterized in the same glass (Diener et al. 2017). A more

radical use of the 3D structuring of ULI was demonstrated by the introduction of the

so called discrete beam combiners (DBC Minardi and Pertsch 2010), which exploit

the propagation of light in two-dimensional, periodic arrays of evanescently coupled

waveguides to combine interferometrically several beams (see Fig. 9 for an

example). An advantage of this scheme is the avoidance of losses due to bent

waveguides and waveguide cross-overs, as well as the possibility to build very short

devices (typically two coupling lengths). R-band three-telescope combiners were

tested in the lab with monochromatic (Minardi et al. 2012) and polychromatic light

(Saviauk et al. 2013), while a 2.5 cm-long prototype of a 4-telescope combiner for

L-band was reported to retrieve accurately phase and visibility of pairs of input

beams (Diener et al. 2017).

In the presence of atmospheric turbulence, model-free interferometric imaging

requires at least the combination of triplets of telescopes to recover partial phase

information from the interferograms (Rogstad 1968). Additionally, a dense

sampling of the Fourier plane of the object image should be achieved by adding

many different baseline-triplets, a goal which is essentially accomplished in two

different ways. Either the telescope-triplets are relocated to form more baselines, or

a large array of telescopes is combined at once. While the first approach improves

the sensitivity, the second approach allows the rapid retrieval of the visibilities

Fig. 9 Three dimensional photonics can significantly simplify the design of interferometric beam
combiners. The scheme of a 4-telescope discrete beam combiner with zig-zag geometry (Diener et al.
2017), used in spectro-interferometric mode, is illustrated in the figure. Light is injected in 4 waveguides
connected to an array of 23 evanescently coupled waveguides where interferometric beam combination
occurs. The waveguides are disposed on two layers mutually shifted by half a period to ease the
dispersion of the light in the vertical direction. In the figure, the waveguides of the two layers are
differently colored, to help the reading. Collimation and focusing optics of the spectrograph are not
included in the figure for simplicity
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avoiding the time overheads required to relocate the telescopes. The development of

multiple-telescope beam combiners is therefore indicated for the imaging of rapidly

varying astronomical targets such as novae (Chesneau et al. 2008) or planet transits

(Kloppenborg et al. 2010). While for the time being only up to 6 telescopes may be

combined at existing facilities (CHARA), plans for new facilities featuring 10

(Buscher et al. 2013) or 20 telescopes (Kraus et al. 2016) have been proposed.

CHARA is currently developing a new beam combiner in K-band which will allow

to combine 3 quadruplets out of the 6 telescopes using spare components of the

GRAVITY combiner (ten Brummelaar et al. 2016). Besides the already mentioned

4-telescope combiner for mid infrared (Diener et al. 2017), beam combiners

featuring 9 input channels in H-band and active control of the optical path have been

developed for aperture masking techniques (Martin et al. 2016) (see next section).

As may be evident from the previous text, most of the integrated optics beam

combiners were developed in the near-infrared band due to the availability of the

very mature silica-based technology, which has been developed for the telecom-

munication market. However, the astrophysical characterization of a target often

requires the analysis of starlight over a wide spectral range, therefore ongoing

research in interferometric instrumentation is focusing on devising alternative

materials and technologies to extend the spectral coverage of integrated optics beam

combiners. In particular, both the booming interest towards cold targets such as

debris disks and exoplanets (Kraus and Ireland 2012) and the difficulty to perform

interferometry at short wavelength motivated research aimed at achieving beam

combination in the mid-infrared. The manufacturing of integrated optics combiners

for MIR wavelengths (Labadie et al. 2008) requires the development of techno-

logical platforms allowing the micro-structuring of materials with transparency

extending beyond the 2.4 lm cut off of silica glass (Labadie and Wallner 2009). As

such, the research in the field has started to accelerate in the past few years, as these

technology platforms began to become available, also thanks to the growing

biophotonics market. A paradigmatic technology platform is laser writing. This

platform employs tightly focused, intense laser beams to modify locally the

refractive index of glasses, an thus create light guiding structures. Both continuous

wave lasers as well as high repetition rate femtosecond lasers have been employed

to manufacture 2x2 directional couplers for MIR in chalcogenide (Labadie et al.

2011; Tepper et al. 2017) and zirconium barium lanthanum fluoride glasses

(ZBLAN) (Gross et al. 2015; Tepper et al. 2017). As mentioned before, three-

dimensional 3-telescope (Ródenas et al. 2012) and 4-telescope (Diener et al. 2017)

beam combiner prototypes were manufactured for respectively the N and the L band

using ultrafast laser writing in Gallium Lanthanum Sulfide. Recently, chalcogenide

planar integrated optics manufactured by conventional photolithographic techniques

delivered waveguides with extremely low losses (� 0:3 dB/cm; Ma et al. 2013) and

opened the perspectives for complex beam combiners for astronomical use. In this

context, highly achromatic directional couplers based on multi-mode interference

couplers (MMI Besse et al. 1994) were manufactured and tested (Kenchington

Goldsmith et al. 2016, 2017b) based on a design optimized for applications to

nulling interferometry (Kenchington Goldsmith et al. 2017a).
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Aperture masking Aperture masking is a high-resolution imaging technique

based on interferometric principles. In its basic form it consists of masking the pupil

of the telescope with sub-apertures smaller than the typical correlation length of the

turbulent atmosphere (the Fried parameter; Fried 1966). If the sub-apertures are

chosen so that the lines connecting each possible pair (baselines) are unique (a so

called non-redundant arrangement), the short-exposure (less than the atmospheric

coherence time) intensity pattern in the focal plane of the telescope is a two-

dimensional interference pattern from which it is possible to measure the visibility

function of the astronomical target and thus retrieve its angular irradiance

distribution. First proposed by Fizeau for two sub-apertures (Fizeau 1868) and

extended to multiple apertures by Rhodes and Goodman (1973), the technique was

tested on-sky in the mid-1980s by Baldwin et al. (1986), who were able to

reconstruct the image of a binary star soon afterwards (Haniff et al. 1987).

While aperture masking can reach an angular resolution of k=2D, D being the

aperture of the telescope, most of the light of the astronomical target is rejected by

the mask, limiting the application of the method to relatively bright sources, which

deliver high signal-to-noise interference patterns even with short integration times.

To overcome this limitation, Lacour et al. (2007) proposed the pupil-remapping

technique, in which single-mode optical fibers are used to remap a densely sampled

pupil plane into a non-redundant arrangement of diffraction-limited sources which

are converted into an interferogram by a lens. In this configuration, all the light

collected by the telescope can be used and the redundant baselines are measured

without loss of contrast. Because of the potentially large number of baselines

measured within the pupil of the telescope, a further advantage of pupil remapping

is the possibility to retrieve images with high dynamic-range and thus be able to

observe nearby exoplanets. A first on-sky demonstration of the pupil remapping

concept came with the instrument FIRST (Huby et al. 2012). FIRST used 9

microlens-coupled, single-mode optical fibers to transform a redundant, two-

dimensional array of sub-apertures of the 3 m telescope at the Lick observatory into

a non-redundant linear array of beams. A fringe pattern was then imaged on a

camera by focusing the beams with an anamorphic optical system. The instrument

operated in the R-band and used a prism to obtain spectrally resolved visibilities

(R� 300). Short exposures of the fringes were possible thanks to a EMCCD

detector. Closure phases with standard deviation well below 1
 were obtained by

averaging 100 frames (standard deviation without averaging 5
). FIRST was later

upgraded to allow the combination of two separate sets of 9 sub-apertures and used

to study the Capella binary system (Huby et al. 2013). A miniaturization of the pupil

remapping setup was proposed and realized with the Dragonfly project (Tuthill et al.

2010), led by the Australian Astronomical Observatory (AAO) team. Instead of

using optical fibers to remap redundant sub-apertures in a non-redundant array, the

Dragonfly instrument used laser writing to fabricate a compact 2D to 1D pupil-

remapper in a silica glass substrate (Charles et al. 2012) (see Fig. 10). Besides

reducing the size of the remapping function, the integrated optical component

allowed a stabler operation of the instrumental transfer function. The assembled

instrument operated in the J- and H-band and tested on sky at the 4-m telescope at

AAO (Jovanovic et al. 2012).
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The best experimental fringes were obtained on Antares by combining 4 of the 8

possible sub-apertures. The used detector (an InGaAs camera) had a high noise level

so that only exposures much longer than the coherence time of the atmosphere were

recorded. This led to a significant reduction of the measured fringe visibility.

Nonetheless, a performance similar to the FIRST instrument (standard deviation of

the closure phase � 5
) was obtained.
Research in astrophotonic aperture masking is currently focusing on the

development of hybrid devices allowing the combination of the sub-apertures in

an integrated optics beam combiner, which could deliver higher sensitivity than

multi-axial combination (Minardi et al. 2016). A fiber-fed, 9-aperture device

operating in the visible and including a lithium niobate phase modulator was

recently assembled in the laboratory in the frame of the FIRST/SUBARU project

(Martin et al. 2016). This device could be used to scan fringes as well as delivering

nulling capabilities to the device (see Sect. 4.4). While the proof-of-concept

prototype demonstrated the functional operation of the device, losses occurring at

the interfaces between different units (fiber/beam splitter, beam splitter/modulator,

modulator/beam combiner, beam combiner/fiber) were believed to be mainly

responsible for the high insertion losses of the device (� 30 dB).

Fig. 10 Scheme of the Dragonfly instrument. The light from the telescope (TEL) is collimated (COL). In
the pupil plane an array of micromirrors (SM) redirects selected sub-apertures to an integrated optical
component (PRC—injection in the waveguides is allowed by the microlens array MLA1). In the PRC,
three-dimensional waveguides are used to carry light from a two-dimensional arrangement of input sites
to a non-redundant linear array of outputs. Output light is collimated by microlenses (MLA2) and
combined and dispersed with a free-space anamorphic optical system (CL1-P-CL2) on a detector (CAM),
where interference fringes are recorded. Image reproduced with permission from Jovanovic et al. (2012),
copyright by the authors
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4.4 High-contrast imaging

Coronagraphic phase plates Coronagraphy owes its name to an instrument

invented by Bertrand Lyot in the 1930s to create artificial solar eclipses for the

observation of the corona, which has a brightness several orders of magnitude below

that of the photosphere. The instrument consisted in a focal plane stop (an absorbing

disk of diameter matched in size to the image of the photosphere) followed by an

optical spatial filter in the pupil plane (the so called Lyot filter) required to suppress

light diffracted by the spider and the secondary mirror of the telescope (see Fig. 11).

A modified version of the coronagraph was developed at the beginning of the 1980s

to deliver images of faint objects close to stars, such as low-mass companions and

protoplanetary disks. The first stellar coronagraph used an occulting mask in the

focal plane of the telescope followed by a Lyot mask (see Vilas and Smith 1987 for

a description of the instrument). This instrument was used for the landmark

discovery of the protoplanetary disk surrounding b Pictoris (Smith and Terrile

1984). Interest in stellar coronagraphy increased in the last 25 years as soon as

effective AO systems became available and the quest for direct observation of

extrasolar planets became a mainstream goal in astrophysical research.

A particularly important result, which opened coronagraphy to the field of

photonics, was the proposal of using phase plates instead of absorbing mask as field

stops in the coronagraphs (Roddier and Roddier 1997). The rationale of the method

consists in reversing the sign of a portion of the central lobe of the point spread

function of a highly corrected aperture (e.g., a space telescope). In the pupil plane,

the phase inverted portion of the PSF interferes destructively with the starlight,

which is scattered outside the pupil, where it can be eliminated by a circular

aperture matching the pupil diameter. In practice the phase mask acts as a mode

converter, transforming the PSF of the AO-corrected telescope into an annular

beam. The advantage of phase masks over traditional beam stops is that the inner

working angle of the coronagraph (i.e., the minimal distance at which a faint

Fig. 11 Scheme of the Lyot coronagraph. Light from the main star (yellow) is attenuated by the beam
stop in the focal plane and the Lyot mask in the pupil plane. In contrast, light from an off-axis source (red)
propagates mostly unattenuated through the optical system and is recorded by the detector
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companion can still be detected amid the PSF of the attenuated star) is close to the

diffraction limit. An experimental verification of the concept was attempted in the

laboratory a few years later (Guyon et al. 1999), the mask being manufactured by

etching a small cylinder protruding from a glass plate with a height sufficient to

induce a p phase shift at a wavelength of 633 nm. The coronagraph showed a peak-

to-peak attenuation of the monochromatic point spread function by a factor 1/16, far

worse than the expected value of 10�4. Most of the loss of contrast was due to the

round-off of the edges of the phase shifter resulting from the fabrication process.

An evolution of the concept of phase mask coronagraph is the vortex

coronagraph. Similar to quantum mechanical wavefunctions (Berry 1984), optical

vortices are electromagnetic waves nesting a phase singularity, i.e., a point in the

transverse plane of the optical field where the phase is undefined and the amplitude

vanishes. Around the singularity, the phase of the field grows linearly with the

azimuthal angle h. Because of the continuity of the optical field, the phase

difference between h ! 2p and h ! 0 should be an integer multiple of 2p (this

multiple being known as the topological charge), so that the phase ramps can take

only discrete values of their azimuthal gradient. The name vortex is derived from

the fact that the phase gradient whirls around the central singularity in a fashion

resembling the velocity field of a vortex in a liquid (see Fig. 12). Alternatively, we

can visualize the optical vortex as a wave with an helical wavefront, the twist of

which can assume only discrete values.

A remarkable mathematical result is that an ideal lens can transform an Airy disk

nesting an optical vortex of even topological charge into a light distribution which

vanishes exactly within the area of the pupil (Foo et al. 2005). This effect can be

exploited in coronagraphy by designing a phase mask with an engraved helical ramp

(also described as vortex lens) and shaping the Lyot mask as a circular aperture. The

first demonstration in the lab of a vortex coronagraph was reported in Lee et al.

(2006), where a peak-to-peak attenuation of 0.05 was measured. An improved phase

mask was later manufactured (monochromatic attenuation in the lab up to 2 � 10�3)

and tested on-sky with a high Strehl, clear aperture, test telescope (diameter 1 inch)

Fig. 12 Intensity (left) and phase map (right) of an optical vortex. The phase is undefined in on the axis,
where the optical field vanishes. The transverse gradient of the phase (black arrows) rotates around the
optical axis in analogy to the velocity field of a vortex in a liquid. The transformation of the PSF of an AO
corrected telescope into a vortex is exploited to reject the light of a star and image its faint companions
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(Peters et al. 2008). In the latter experiment, an average attenuation of 3% at visible

wavelength (20 nm bandwidth) was attained, most of the contrast loss being

attributed to the chromatic dispersion of the phase mask.

An inherent problem of phase masks is indeed that they work only at the design

wavelength, as the phase delay introduced by a plate of fixed thickness scales as

k�1. This effect can be mitigated by designing a vortex lens composed of two layers

made of materials with different dispersive properties (Swartzlander 2005, 2006).

The inherent complexity of the fabrication of such masks prevented however an

experimental demonstration of the concept so far. A different approach was adopted

by Errmann et al. (2013), which adapted a concept of achromatic vortex generation

with ultrashort laser pulses to coronagraphy (Bezuhanov et al. 2004). In this case,

the vortex beam was imprinted on the PSF of a beam by an off-axis, blazed

computer generated hologram (CGH), which unavoidably disperses broadband

light. The dispersion was compensated by diffracting the vortex beam with an

ordinary phase grating with the same periodicity of the CGH but opposite

orientation of the blazing. Peak-to-peak attenuations of the PSF better than 10�3

where demonstrated in the laboratory for a bandwidth covering most of the R-band.

An alternative to conventional phase masks for vortex coronagraphy is

represented by birefringent optical plates, which modify locally the vectorial

properties of light and generate polarization vortices. Polarization vortices are

optical fields in which the local linear polarization vector is oriented at an angle

proportional to the azimuthal angle. Linearly polarized light beams can be converted

into polarization vortices by a birefringent medium which locally acts as a k=2
retardation plate. An early example is a glass plate coated with liquid crystals,

whose slow axes are oriented and polymerized by a UV laser beam (Mawet et al.

2009). If the angle of the slow axis direction is equal to the azimuthal angle, then the

field in the circularly polarized base exhibits an helical wavefront of topological

charge þ2 and �2 for the left- and right-hand polarization states, respectively

(Mawet et al. 2005). The far-field of these vectorial fields has the same light

distribution as the scalar vortices of topological charge m ¼ j2j and thus can be used
in coronagraphs with a Lyot mask with full aperture slightly smaller than the pupil.

A test on sky of the vectorial vortex coronagraph manufactured with liquid crystal

technology was reported in 2010 (Serabyn et al. 2010). The well corrected 1.5 meter

aperture of the Hale telescope at Palomar (Serabyn et al. 2007) was used to deliver

to the phase plate a beam in Ks-band with Strehl ratio exceeding 90%. A raw peak-

to-peak attenuation of � 1=50 was reported over a band of 14%, which was

sufficient to detect three of the planets surrounding HR8799 after electronic removal

of the attenuated PSF of the telescope. Chromatic dispersion of the retardation plate

was shown in the lab to contribute significantly to the loss of contrast in the

coronagraph (Mawet et al. 2010), a problem that could be solved by the use of sub-

wavelength gratings (Mawet et al. 2005). These so called annular groove phase

masks (AGPMs) consist of concentric grooves with sub-wavelength spacing. The

sub-wavelength spacing of the grooves prevents light diffraction and acts as an

effective birefringent medium (Born and Wolf 1997) with an azimuthally varying

orientation of the slow (fast) axis. The shape and depth of the grooves is chosen so
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that the retardation between the slow and the fast axis corresponds to k=2. Two
distinct technologies have been used to manufacture AGPMs, namely 1) the etching

of grooves in diamond and 2) auto-cloning of photonic crystal structures. The first

technology was optimized for MIR coronagraphy in L-band and could deliver

broadband peak-to-peak attenuations at the 10�3 level in the laboratory (Delacroix

et al. 2012, 2013; Vargas Catalán et al. 2016). Test on-sky of these phase masks

were also successfully accomplished at the VLT (Mawet et al. 2013) and the Keck

telescopes (Serabyn et al. 2017), but delivered a raw attenuation at the 10�2 level,

mainly due to leakage of starlight from the central obstruction of the telescope and

residual tip-tilt of the AO system. Regarding the second technology, a vortex

coronagraph based on photonic crystals (i.e., sub-wavelength periodic two- or three-

dimensional assemblies of materials with different refractive index) with axial

symmetry was manufactured for the visible band (Murakami et al. 2013) and tested

in the lab with circularly polarized light. A raw peak-to-peak attenuation at the 10�4

level was achieved in the lab with a clear circular pupil in a band ranging from

k ¼ 543 nm to k ¼ 633 nm wavelength. Analysis pointed out that the attenuation

was mainly limited by the chromatic dependence of the birefringence phase shift in

the vortex plate. No test on sky has been reported so far for this phase mask.

A discretized version of the vortex coronagraphs is represented by the 4-quadrant

and 8-octant plates. In practice, the azimuthal phase ramp is simply approximated

by 0 and p phase shifting regions which alternately divide the mask plane in 4 (4-

quadrant mask Rouan et al. 2000) or 8 (8-octant mask Murakami et al. 2013) equal

sectors. The 4-quadrant mask is equivalent to a vortex with topological charge

m ¼ 2, while the 8-octant mask to a topological charge of m ¼ 4. The masks work

similarly to the vortex phase plates with the exception that the discovery space is

limited by shadow areas extending along the interfaces between the 0 and p shift

sectors, where the throughput of an off-axis companion is significantly decreased.

Silica 4-quadrant masks designed for Ks-band and manufactured by silica layer

deposition techniques saw the first light at the VLT-NACO instrument in 2004

(Boccaletti et al. 2004) and delivered broadband attenuations of the PSF larger than

� 10, reaching a factor � 100 with narrow band filters. The poor attenuation in

broadband was mainly due to the intrinsic chromatic behavior of the p-phase-shift
layer, as well as the presence of the secondary mirror. A more achromatic behavior

was achieved in the lab with the 8-octant polarizing plate, which used the same

photonic crystal structure mentioned above for the AGPM coronagraph. Tests of the

8-octant plate with monochromatic, linearly polarized light from a clear pupil

revealed peak-to-peak attenuations \10�5 at the wavelengths of k ¼ 532 nm and

k ¼ 633 nm, the attenuation being apparently limited by the speckles induced by

imperfections in the optics of the setup. The on-sky test of an H-band 8-octant phase

mask is foreseen at the SCExAO facility of the Subaru telescope in the near future

(Jovanovic et al. 2015).

Beyond the design and manufacturing issues, the ultimate starlight rejection of

phase mask coronagraph depends on the features of the telescope and its AO system,

as well as the angular extent of the attenuated star (Guyon et al. 2006). In particular,

the presence of a secondary mirror in the pupil of the telescope creates a circular
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pattern of light nested in the pupil of the Lyot mask, which carries a power fraction

of the starlight equal to the fractional area of the secondary (Jenkins 2008). The

simplest approach suppressing this light is to include an oversized secondary stop in

the Lyot mask, which however limits the throughput of the coronagraph and does

not reject completely the light scattered by the secondary mirror. A more advanced

solution is to use pupil apodization techniques (i.e., transform the PSF in a fast-

decreasing, ring-less light distribution such as a Gaussian beam Guyon 2003) by

means of aspherical mirrors/lenses or transmitting apodizers before the vortex phase

mask. A concept was recently proposed to apodize the pupil with 3-level stepped

transmission plates which would cancel perfectly the light profile of the secondary

within the pupil of a vortex coronagraph (Mawet et al. 2013). The SCExAO team at

the Subaru telescope is currently developing suitable pupil apodizing lenses to

remap a pupil with secondary into a clear aperture (Lozi et al. 2009), before

focusing the starlight onto a phase mask coronagraph (Jovanovic et al. 2015). A

second issue on achievable contrast is related to the quality of the AO correction.

High Strehl ratios and low residual tip-tilt error are mandatory with the use of vortex

phase masks with topological charge m ¼ 2, a condition somewhat relaxed by

vortex plates of higher topological charge at the expense of increasing the inner

working angle of the coronagraph (Guyon et al. 2006). Various techniques for pupil

plane tip-tilt sensing and correction have been developed in recent years to keep the

pointing stability of the telescope below the few mas level (Guyon et al. 2009; Huby

et al. 2017). Qualitatively similar to a tip-tilt error, a partially resolved star will leak

light in the coronagraph and reduce the contrast, an effect which affects more

dramatically phase masks with smaller inner working angle (Guyon et al. 2006).

However, a measurement of the maximal attenuation depth with m ¼ 2 vortex

coronagraphs could be conversely used to estimate precisely the angular diameter of

the target star (Ruane et al. 2014).

Integrated nulling interferometers Nulling interferometry is a high-contrast

technique, which is the analogue of coronagraphy for stellar interferometers. The

technique exploits the phase difference of fringes originating from on-axis sources

respect to off-axis ones (Bracewell 1978). By locking the interferometer to a dark

fringe, the light of the on-axis source (e.g., a parent star of an exoplanet system) will

be rejected to the bright channel of the beam combiner, while the light of a dim off-

axis companion (e.g., an exoplanet) would be transmitted by the dark port. In

practice the quantity of interest in this technique is the null depth, defined as the

ratio between the flux measured at a dark fringe and the corresponding bright fringe.

The null depth in a planet-star system will be dependent on the separation of the two

bodies (which can be retrieved varying the orientation and length of the baseline)

and their relative brightness in the wavelength band of interest. For earth-like

planetary systems the null depth is required to be as high as � 10�6 in the N-band.

So far, nulling interferometry has been implemented at the MIR N-band by

means of conventional optics at the Keck Interferometer (Serabyn et al. 2012) and

the Large Binocular Telescope Interferometer (LBTI) (Defrère et al. 2016). The

Keck Interferometer completed a survey of the exo-zodiacal dust level of about 50

stars (Millan-Gabet et al. 2011; Mennesson et al. 2014b), while a comprehensive
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overview of the results of the LBTI survey has recently been published (Ertel et al.

2020).

Astrophotonic nulling interferometry has mainly been the object of laboratory

research, with the exception of the on-sky operation of a near-infrared nuller

prototype at the Palomar 200‘‘ telescope, which exploited a single-mode optical

fiber as spatial filter (Martin et al. 2008; Hanot et al. 2011). The instrument

(Palomar Fiber Nuller) consisted in two rotating apertures in the pupil plane of the

telescope, which were optimally focused by a lens on the tip of the fiber, so that

when the null of the fringes is centered in the fiber axis, a negligible amount of light

would be coupled in the fiber (Haguenauer and Serabyn 2006). An important driver

for nulling experiments has been the feasibility study of for the TPF-I (Breckinridge

and Lindensmith 2005) and Darwin (Fridlund 2004) space nulling interferometer

missions, which were later canceled. A high-contrast integrated optics 2-channel

beam combiner for near-infrared demonstrated the possibility to reach a nulling

depth of 3 � 10�5 with monochromatic light and 2 � 10�4 with polychromatic light

with a bandwidth of 80 nm (Weber et al. 2004). A fiber nuller laboratory experiment

with MIR laser (k ¼ 10:6 lm) beams focused on a single-mode conductive

waveguide demonstrated a few years later an extinction ratio at the 6 � 10�5 level

(Labadie et al. 2007). The possibility to combine MIR beams and modulate the

relative phase on a single integrated optics chip was also explored. An active two-

way titanium indiffused lithium niobate beam combiner was designed for L-band

and tested in the laboratory (Hsiao et al. 2009). The device featured an insertion loss

of 4.7 dB and an on-chip fringe scan of broadband (Dk ¼ 500 nm) light at k ¼
3:4 lm was demonstrated. However, the measurement could not asses the visibility

and the nulling depth of the fringes.

Renewed interest for photonic nulling interferometry rose in recent years,

stimulated by the possibility to image exoplanetary systems with interferometric

techniques (Kraus et al. 2016). In this context, we mention the a proof-of-principle

experiment of an integrated optics 4-telescope nulling beam combiner (Errmann

et al. 2015) based on a scheme devised by Angel and Woolf (1997), and the

aforementioned realization of an integrated optics 2x2 multimode interference

coupler in chalcogenide glass (Kenchington Goldsmith et al. 2017b), which was

designed to achieve a deep broadband nulling level in L-band (Kenchington

Goldsmith et al. 2017a).

More recently an H-band 2x2 coupler manufactured by means of femtosecond

laser writing (Norris et al. 2014) and integrated at the SCExAO testbench of the

Subaru telescope on Mauna Kea was tested. The device (named GLINT Norris et al.

2020) was used to combine interferometrically two subapertures of the telescope

separated by 5.5 meters. The phase difference between the two channels was locked

to obtain a null in one of the two interferometric outputs of the device. Due to the

residual fluctuation of the piston at each subaperture and the varying coupled flux in

the two input waveguides, a statistical retrieval of the nulling depth has been used

(Hanot et al. 2011). A time series of the estimated null depth was used to build a

statistical distribution of their values, which could be fitted by an appropriate model.

To test the device, several stars with known diameter, which were partly resolved by
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the telescope baseline, have been measured. The fitted null depths of the stars

ranged from 0.0083 to 0.18 with a precision in the order of 10�4. The estimated star

diameters corresponded within 1 mas with those measured with long-baseline

interferometry. Upgrades of the instrument to more baselines is foreseen in the near

future.

4.5 Metrology and calibration

Laser guide stars AO systems require light from a bright star to drive the wavefront

sensor, resulting in a limited sky coverage of diffraction limited imaging. To

overcome this limitation, (Foy and Labeyrie 1985) proposed to generate an artificial

reference star in the sky using a laser, an idea derived from LIDAR experiments

which are used to investigate the structure of the atmosphere by recording

backscattered light from a laser beam directed towards the sky. Two types of Laser

Guide Stars (LGS) were discussed in this seminal paper, one relying on Rayleigh

scattering by low atmospheric layers, and one utilizing resonant scattering of

sodium atoms.

Rayleigh LGSs use powerful pulsed visible laser sources and a synchronized time

gated wavefront sensor to isolate the backscattered photons from a particular layer

of the lower atmosphere. The configuration of the deformable mirror and the

exposure of the science camera must occur within the coherence time of the

atmosphere. The first experimental demonstration of this type of LGS was indeed

achieved at the end of the 1980s by the US Air Force working on the development

of the space shield Star Wars program (Primmerman et al. 1991). Today, the

evolution of Rayleigh LGS is used in astronomy mainly to compensate ground layer

turbulence (first 10–20 km) as the power of the scattered light decreases rapidly with

the altitude (Rabien et al. 2019).

LGS systems based on the detection of resonant scattering from sodium atoms

use a laser tuned at the wavelength of the D2 component of the sodium doublet to

excite the sodium layer at an altitude of about 93 km. The exact altitude can vary by

a few kilometers according to the season and atmospheric conditions. Sodium is

found in this layer because of an equilibrium between the intake of meteoric debris

and depletion by chemical reactions happening at lower altitudes. The laser beam is

usually launched off the axis of the telescope/wavefront sensor to separate

geometrically Rayleigh scattered light from the lower layers of the atmosphere.

The development of powerful laser sources suitable for LGS systems is an

important aspect of astrophotonics, which has seen a rapid progress in recent years.

Here we review only the development of sources for sodium layer LGSs, as research

in the field was mainly motivated by astronomical applications.

Because powerful sodium line solid-state lasers are tricky to build (see below),

the first examples of sodium LGS used dye solutions as lasing medium. These lasers

are tunable over the fluorescence band of the dye molecules, which are excited by

flashlamps or other lasers tuned at their absorption band. A dye laser usually

consists in a low-power master oscillator which seeds one or more power-

amplification stages. The selection of the longitudinal mode is accomplished in the
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master oscillator by an etalon. A solution of Rhodamine 6G in ethylene-glycol

pumped by 4x10 W frequency doubled, continuous wave Nd:YAG lasers

(k0 ¼ 532 nm) was the lasing medium employed by PARSEC, an early sodium

LGS at the European Southern Observatory (ESO) VLT, which yielded about 12 W

of continuous radiation at 589 nm (Bonaccini et al. 2002).

Research on solid-state laser sources progressed as well, the basic technological

solution being the exploitation of the capability of neodymium-doped garnet

(Nd:YAG) to deliver laser transitions at k1 ¼ 1064 nm and k2 ¼ 1319 nm.

Radiation at a wavelength of 589 nm can be generated by mixing in a nonlinear

crystal two pump lasers oscillating at k1 and k2, a process known as sum frequency

generation. Jeys and co-workers first explored the possibility to mix two Nd:YAG

Q-switched lasers to create a sodium line source for astronomical applications (Jeys

et al. 1989). Intracavity etalons with a tunability of about 0.5 nm were used in the

lasers to select the lasing wavelength, while the sum frequency was obtained by a

single pass in a 5 cm-long lithium niobate crystal. The source yielded up to 395 mW

of radiation at 589.159 nm with a pulse repetition rate of 1 kHz. Because of the

relatively low power, the source was used only in LIDAR applications. Since this

first experiment, considerable progress has been made to develop powerful sources

for sodium LGSs based on Nd:YAG sum frequency generation, both in the pulsed

and continuum operation regime. A 20W continuum source based on Nd:YAG

injection-locked lasers at k1 and k2 feeding a doubly resonant, sum-frequency cavity

was demonstrated by Bienfang et al. (2003). The final engineered source

(Frequency-Addition Source of Optical Radiation - FASOR) achieved 50 W of

output power at the sodium line and was eventually installed at the 3.5 m telescope

of the Starfire Optical Range facility of the US Airforce, where it was used for

adaptive optical imaging of satellites. Multiwatt, pulsed Nd:YAG sources are

currently employed at the Subaru (Saito et al. 2010), Palomar (Hankla et al. 2006),

Keck I and Gemini South observatories (Fig. 13). In these cases two synchronized

mode-locked Nd:YAG lasers are used and mixed in single pass in a periodically

poled Mg–O-doped stoichiometric lithium tantalate (PPMg–O:SLT) crystal (Saito

et al. 2007). Synchronization of the lasers is achieved by a phase shift of the radio-

frequency drivers of the loss modulators inside the cavities. Output powers of 6.8 W

were reported as well as a power stability of 2.2% over 8 hours.

The complexity of the sodium laser systems requires trained personnel and

controlled environments for their correct operation. The need for a more rugged and

turn-key sodium line source motivated ESO and the company TOPTICA to develop

a fiber-based sodium line LGS. Fiber lasers can deliver high power with excellent

beam profile and require no alignment of the laser cavity, which is formed by

spliced integrated components. The fiber sodium line laser used a 70 W Yb-doped

fiber laser operating at 1020 nm to amplify through the Raman process a k0 ¼
1178 nm seed from a diode laser in a 100 m-long nonlinear fiber (Feng et al.

2008, 2009). Radiation at 589 nm was obtained by frequency doubling in a phase-

locked singly resonant cavity containing a lithium triborate crystal (Feng et al.

2009). Output powers of 50 W at the sodium line wavelength were achieved by

combining interferometrically three Raman fiber lasers at 1178 nm (Taylor et al.

2010). The system engineered by TOPTICA includes several servo systems
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enabling a power stability better than 2% over several hours and a fully

maintenance-free operation (Arsenault et al. 2012). Four units of the laser sources

are currently forming the laser guide star asterism of the LGS facility at the UT4

VLT (Calia et al. 2004), which feeds the GRAAL/HAWK-I (Paufique et al. 2012)

and the GALACSI/MUSE (Ströbele et al. 2012; Laurent et al. 2010) instruments.

Astrocombs As we have discussed in the introduction, the key for the future

challenges of high-resolution spectroscopy lies in the capability to calibrate

accurately the spectrograph. This is usually achieved by means of standard lamps

exciting the emission lines of heavy elements such as Thorium and Argon (Baranne

et al. 1996), or by filtering starlight or a white light source with a gas cell filled with

iodine vapor (Butler et al. 1996). While the short time accuracy of the position of

the lines of Thorium Argon (ThAr) lamps is at the few cm/s level (Wilken et al.

2012), their uneven frequency and brightness distribution does not allow for a

uniform calibration accuracy across the spectral range of the spectrograph.

Moreover, aging of the emission lamps reduces the accuracy on a time scale of

several hundred hours of usage (Mayor et al. 2009). An additional limitation of

Fig. 13 Active photonic devices such as lasers are becoming a working instrument for astronomers. Laser
guide stars extend the use of Adaptive Optics (AO) to targets which are too faint to use natural guide
stars to lock the AO system. The picture shows an 87x87 arcsecond portion of the cluster NGC288 taken
with help of Gemini South’s GeMS/GSAOI 589 nm laser guide star facility. The image is taken at 1.65
microns (H band) and features an average full-width at half-maximum resolution of slightly below 0.080
arcsecond. The insets on the right show a comparison of the same close up of the cluster taken with LGS-
AO (top), with natural guide star AO (middle), and seeing-limited observations (bottom). (Credit: Gemini
Observatory)
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atomic references is the unavailability of satisfactory standards for mid infrared

bands (Seemann et al. 2014).

In the past decade, interest has been mounting for the realization of artificial light

calibrator sources with ideal characteristics such as even frequency spacing, sub-

resolution linewidth and uniform intensity across the spectral window of the

spectrograph. Sources with these characteristics are the so called optical frequency

combs, also known as astrocombs. Two main approaches have been followed to

generate such reference sources, namely the Fabry–Perot etalon (passive device)

and the laser frequency comb (active device). Both approaches are based on the

property of optical resonators to sustain a multitude of longitudinal modes

(resonances) in between the reflecting surfaces of the resonator. The allowed

propagation modes shape the transmission spectrum of the resonator into a comb.

The resonance frequencies of an achromatic resonator mm are periodic and depend

only on two parameters, the FSR (i.e., the periodicity of the resonances, FSR), and

the offset frequency m0:

mm ¼ m0 þ m � FSR ; ð16Þ

m being an integer number identifying the resonance. The FSR is the inverse of the

round-trip time of light in the resonator, which for a cavity of length L composed by

two parallel mirrors filled with a medium of refractive index n corresponds to

FSR ¼ c

2nL
: ð17Þ

Another important parameter of cavities is the linewidth, which can be expressed in

terms of the finesse (FSR over the full width half maximum of the linewidth) (Hecht

2012).

The simplest implementation of the optical frequency comb source is a Fabry–

Perot etalon with a vacuum filling and illuminated by a collimated broadband light

source. Key for the accuracy of the comb line position is to control the spacing

between the mirrors with nanometric precision over time. This is typically achieved

by high-precision temperature control of the environment of the etalon (Wildi et al.

2010), or by active tuning of the mirror gap monitored by a reference laser

(Gurevich et al. 2014). Fiber pigtailed, vacuum-spaced, planar dielectric mirrors

were used for the Fabry–Perot calibrator of HARPS (Wildi et al. 2010) and reported

a calibration stability comparable to the ThAr lamps on short (\20 cm/s) as well as

long observation periods (\1 m/s) (Wildi et al. 2011). The authors reported that

possible slight misalignments of the fiber-to-fiber imaging system may be

responsible for the observed calibration drift over long periods. Fabry–Perot etalons

consisting of a short single-mode fiber patch with spliced mirrors and single-mode

pigtails were proposed as possible alternative to bulk optics etalons inherently

insensitive to the alignment of the illumination source (Halverson et al. 2013;

Gurevich et al. 2014). Differently from vacuum-spaced bulk-optics etalons, fiber

Fabry–Perot (FFP) resonators suffer of dispersion (i.e., the comb is not exactly

periodic) and are more sensitive to temperature variations, requiring a temperature

stabilization at the fraction of mK level to keep the wavelength drift of the
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resonances below 1 m/s (Halverson et al. 2013). Precision temperature tuning of the

FFP by monitoring the gap with a Rubidium referenced laser allowed the

stabilization of the FFP resonances below the 20 cm/s level averaging over an

integration time of only 30 s (Gurevich et al. 2014). A portable calibrator for low to

mid resolution, near-infrared spectrographs was engineered starting from an

integrated optics micro-ring resonator with drop off channel (Lee et al. 2012). The

micro-ring resonator featured a FSR of 200 GHz and included a resistive thermal

device on its surface for accurate control of the temperature. A fibered amplified

spontaneous emission broadband source was butt-coupled to the input channel of

the microring resonator, so that a bright line spectrum was dropped off at the output

channel. A line wavelength stability of the order of 1 pm at 1550 nm was achieved

over a period of 24 h, which corresponds to a RV precision of about 200 m/s.

The advent of laser frequency comb technology as ultimate time/frequency

standards (Udem et al. 2002) stimulated research on their application as accurate

calibrators for high-resolution astronomical spectroscopy. Laser frequency combs

are ultrashort pulse (20–300 fs) laser sources where modulated resonator losses

enable the locking of the longitudinal modes and the generation of an exactly

periodic frequency comb. The key difference to a standard ultrashort laser pulse is

that frequency combs use an external nonlinear interferometer referenced to an

atomic clock to control the drift of the offset frequency through a feedback on the

cavity length. The advantage of this scheme over conventional Fabry–Perot

calibrators is the higher brilliance of the spectral lines and the stability of their

position which is set by the precision of the atomic clock (Dm=m� 10�11 for a

standard Rubidium clock). Two types of femtosecond laser sources have been used

so far for astrocombs: fiber laser and solid-state laser. The former has the advantage

of being a self-aligned, turn-key system, but require usually long patches of gain

fibers, reducing the free-spectral range to a few 100 MHz. This line separation is too

small to be resolved even by the spectrograph with the highest resolution (Dm� 1

GHz), so that the spectral lines are selected by several actively stabilized Fabry–

Perot cavities with free spectral range of the order of 10–20 GHz. A prototype of a

fiber based, infrared comb was installed at the German Vacuum Tower Solar

Telescope and delivered a calibration precision at the 9 m/s level (Dm=m� 3 � 10�8).

The known drifts of the spectrograph were responsible for the measured precision,

which, though remarkable, was poorer than the theoretical precision of the comb

(Steinmetz et al. 2008). An improved, frequency doubled version of the astrocomb

was later installed at HARPS and was used to complete a new atlas of the solar

spectrum reflected by the Moon with significantly improved accuracy (Molaro et al.

2013). In the same measurement campaign, the astrocomb demonstrated a short-

time repeatability of the HARPS calibration at the 2.5 cm/s level (Dm=m� 8 � 10�11)

(Wilken et al. 2012). Radial velocity measurements of HD75289 were also taken

both with ThAr lamp and astro-comb calibration which agreed within an accuracy

of 2.5 m/s, most probably limited by the ThAr lamp accuracy (Wilken et al. 2012).

Solid-state, mode-locked lasers offer more compact cavities which can have an FSR

of a few GHz, relaxing the requirement for the Fabry–Perot cavity required to select

an astrocomb with tens of GHz spacing, but introducing more degrees of freedom
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for the periodic alignment of the laser cavity. A stabilized frequency-doubled

Ti:Sapphire laser with a free-spectral range of 1 GHz was used in combination with

a Fabry–Perot etalon to obtain a 20–50 GHz-spaced astro-comb operating in the

blue region of the visible spectrum (k ¼ 420 nm) and tested at the TRES

spectrograph at the Fred Lawrence Whipple Observatory (Benedick et al. 2010).

The frequency comb allowed for an accurate calibration at the 1 m/s level

(Dm=m� 3 � 10�9) of the spectrograph which showed drifts of a few 100 m/s over

days (Phillips et al. 2012). An upgraded version of the comb has been recently

deployed at the HARPS-N spectrograph of the Telescopio Nazionale Galileo on La

Palma and demonstrated a short time calibration uncertainty at the 2 cm/s level

(Glenday et al. 2015).

Besides the conventional architecture of laser frequency combs based on mode-

locked femtosecond laser sources, alternative schemes for the generation of trains of

ultrafast laser pulses with GHz repetition rates have been explored. The aim of these

schemes is to avoid the complexity and cost of the astrocombs based on mode-

locked lasers. A frequency comb with tunable FSR was designed and built by

generating a train of near-infrared optical solitons in a nonlinear fiber seeded by the

beating of two mutually detuned, continuous wave lasers (Zajnulina et al. 2015).

Laboratory tests showed the possibility to obtain combs with sub-THz FSR,

suitable for the calibration of low- to mid-resolution spectrographs. No stability

characterization was carried out in the published work. More recently a near-

infrared astrocomb with 12 GHz FSR was deployed at NASA IRTF telescope and

Keck II (Yi et al. 2016). The source uses electrooptical modulators in phase and

amplitude to generate a 12 GHz train of 2 ps pulses from a continuous wave laser

source, referenced to narrow molecular absorption lines of acetylene or cyanide.

The radio frequency driving signal of the modulators is referenced to a Rubidium

atomic clock, allowing an accurate control of the comb FSR at the Dm=m� 10�11

level. After amplification in an erbium doped fiber, the pulse train spectrum was

broadened in a highly nonlinear fiber allowing the comb to stretch from 1400 nm to

1700 nm wavelength. The intrinsic accuracy of the comb was measured in the lab to

be below 60 cm/s (Dm=m ¼ 3 � 10�9), which was degraded to an estimated level of

� 1:5 m/s after taking into account the uncertainties related to the spectrograph

operation.

Efforts to miniaturizing frequency combs for astronomical instrumentation have

recently achieved a milestone by delivering a calibrator based on integrated

microcombs at the Keck II telescope (Suh et al. 2019). Microcombs are frequency

combs excited in a microring resonator by means of an optical nonlinear process

known as four-wave-mixing. The resonator is pumped with a monochromatic laser

at frequency m0 tuned near the resonance frequency of the microring. The resonator

stores a very strong optical field, which modifies the refractive index of the

resonator and enables the split of two photons at m0 in a signal and an idler photon

following the principle of energy conservation:

m� ¼ m0 � Dm: ð18Þ

Each new line in the spectrum can be considered as a pump field, so that a cascade
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of equally spaced frequencies can be generated (Herr et al. 2012). In low dispersion

resonators a wide comb can be generated and phase locked, generating a single

optical pulse circulating in the resonator (Herr et al. 2014). Because of the small

dimension of the microring resonators, the frequency spacing of the generated comb

is in the range of a few 10 GHz, making them attractive for the calibration of

astronomical spectrographs. In the reported work (Suh et al. 2019), a 70 nm-wide

comb centered at a wavelength of 1550 nm was generated in a silicon microdisk

resonator excited by a suspended fiber taper. The comb was referenced against a

hydrogen cyanide gas cell (absorption line at 1559.9 nm) with a precision better

than 1 MHz, since the spectrum was not wide enough to apply the usual self-

referencing method. This provided a radial velocity precision of about 1 m/s. The

comb was then extended to cover almost completely the H-band by passing the

generated pulses into a patch of nonlinear fiber and projected into the NIRSPEC

R ¼ 25; 000 infrared spectrograph at the Keck II telescope. The drift of the spec-

trometer could be determined within a precision of a few m/s, mostly limited by the

geometry of the spectrograph and detector. The study allowed to identify a roadmap

for the upgrade of the spectrograph aimed at limiting its thermo-mechanical drifts

and improving its resolving power by means of adaptive optics on the incoming

stellar beam. Even tough the whole microcomb setup required about 1.3 m of a

standard instrumental rack, there is a potential for integrating microdisks and pump

sources within a chip of a few square centimeters footprint.

Wavefront sensing and adaptive optics Fiber bundles have been used as tools for

guiding telescopes for many years, for example the fiber guiding mode using the

FLAMES IFU at the VLT. This instrument uses four fiducial acquisition bundles

(FACBs) to record positions of reference stars and then pass any offset to the

instrument guiding system. With SM astrophotonics gaining popularity, accurate

guiding and compensation for vibrations in the telescope system becoming more

urgent. Dietrich et al. (2017) proposed using a MCF fed with 3D printed

microlenses to compensate for tip-tilt vibrations, to increase coupling into SM fed

instruments. This concept has been further developed by Hottinger et al. (2018),

taking the MCF and replacing it with a fiber bundle for increased sensing and

linearity. Outside astronomy there are also similar concepts, including using a

photonic crystal fiber (PCF) for wavefront sensing (Dos Santos et al. 2015). Another

avenue being actively pursued is using a PL at the focal plane to monitor the PSF of

the telescope. As the light separates from the MM core into many SMs any

irregularities in the wavefront result in different modes being excited. By

monitoring the output of the PL (Corrigan et al. 2016) were able to detect tip and

tilt in the PSF using a simulated 9 mode PL. Recently, Norris et al. (2020) have

extended this concept, showing that they can detect higher order modes using a 19

core PL, opening up the possibility of using a PL for full photonic wavefront sensing

for applications such as exoplanet science.

In addition to using astrophotonics for wavefront sensing, using active

waveguides instead of a deformable mirror is also under investigation. Miller

(2013) proposed that on-chip cascaded Mach–Zehnder interferometers in conjunc-

tion with a PL could be used as an AO system (see Fig. 14). This would take an

input PSF and use micro phase shifters on the chip to constructively interfere the
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individual modes. Sensed correctly, this would either enhance, or potentially replace

an AO system, in a fully integrated chip.

4.6 Detection enhancement through frequency conversion

A remarkable research topic bearing potentially important consequences for the

future of infrared astronomy is related to the nonlinear optical conversion of light

frequencies in periodically poled lithium niobate (PPLN) crystals (Albota and Wong

2004; Langrock et al. 2005). It is well known that infrared detectors have quantum

efficiencies well below their visible counterparts, especially in the MIR bands.

Moreover, as we have seen, photonic components for the MIR are currently still

under development. A solution to these problems could come from nonlinear

frequency conversion.

Nonlinear frequency conversion is a process exploiting the nonlinear polarization

response of non-centrosymmetric crystals. In such crystals the polarization vector

has a term depending on the square of the electric field (nonlinear polarization). If

the driving electric field has two frequency components x1 and x2, then the

nonlinear polarization will contain a term oscillating at the sum-frequency x3 ¼
x1 þ x2 which gives rise to a radiating field (frequency up-conversion process).

The sum frequency field can build up coherently as it propagates in the medium

provided the phase-matching condition is fulfilled, i.e., the propagation vector at

frequency x3 should equal the sum of the wavevectors of the two initial fields:

kðx3Þ ¼ kðx1Þ þ kðx2Þ. Usually phase matching is achieved by exploiting the

birefringence of quadratic nonlinear materials, but in this case the phase matching

direction may not coincide with the direction of higher nonlinear coefficient. In

periodically poled materials, phase matching is achieved by inverting periodically

Fig. 14 One approach for coupling an arbitrary input beam to a single output beam, so-called Adaptive
Optics (AO) on a chip. In the figure, P1–P4 are controllable phase shifters, MA1–MC1 are controllable
MZ interferometers, and DA1–DC1 are detectors used to give the signals for feedback loops. The dummy
phase shifters are optional and could be included for equality of path lengths and/or loss. Image
reproduced with permission from Miller (2013), copyright by OSA
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the orientation of the crystal, so that the phase matching direction coincides with the

direction where the nonlinear coefficient of the crystal is maximum.

The first application of nonlinear frequency conversion to enhance the detection

quantum efficiency of infrared photons was reported in Albota and Wong (2004). In

the experiments, a 4 cm-long PPLN crystal was operated within a singly resonant

ring cavity, pumped with a 400 mW Nd:YAG laser at a wavelength of 1064 nm.

Photons at the wavelength of 1:55 lm were converted to visible light (k ¼ 631 nm)

with an estimated efficiency of 90% (the ratio of upconverted photons to the input in

infrared photons). The setup for the wavelength conversion was later miniaturized

by Langrock et al. (2005), who used a waveguide written in the PPLN crystal to

achieve high conversion efficiency with a pump power of a few tens of mW. The

scheme could be used to convert either photons at k ¼ 1:32 lm or k ¼ 1:55 lm to

photons at k ¼ 713 nm, to exploit the maximal quantum efficiency of silicon,

single-photon detectors. In the experiments, an overall quantum detection efficiency

of 40% was reported.

While these experiments were mainly motivated by quantum optics applications,

the first use of optical frequency conversion for astronomy was proposed by

Brustlein et al. (2008). The seminal paper investigated the coherence properties of

unconverted light in PPLN waveguides. To this end, a fiber interferometer was built,

featuring a wavelength converter in each arm (see Fig. 15).

By combining the up-converted beams, interference fringes were recorded with a

visibility corresponding to the independent measurements taken by combining the

original infrared signals. The experiments showed unequivocally that the coherence

properties of light are preserved by the up-conversion scheme. Further confirmation

came later on with an experiment performed with a 3-channel fiber interferometer

which showed that also the closure phases are preserved by the up-conversion

scheme (Ceus et al. 2011).

The frequency conversion scheme was later tested on sky (Ceus et al. 2012) by

connecting one arm of the frequency converter to a C8 Celestron telescope used for

the OHANA-Iki project (Baril et al. 2010). The setup allowed converting a

bandwidth of 3 nm centered at 1544 nm (H band) in a 4 cm-long PPLN waveguide.

Even with this narrow conversion bandwidth, a flux of a few tens of photons per

second was recorded for observations of Betelgeuse, Antares and Pollux. The

calculated overall detection quantum efficiency was estimated to be 1:75 � 10�6, but

this included a particularly low coupling efficiency to the single-mode fiber

(3:5 � 10�3) and the insertion losses of the various optical elements (filters, lenses,

collimators). Theoretically (Shaklan and Roddier 1988), an increase of the coupling

efficiency from telescope to fiber by a factor 100 can be expected, while the use of

integrated optics instead of bulk optics relay and higher laser pump powers could

increase further the efficiency of the photon conversion stage (overall conversion

efficiency 1%).

Despite the low overall quantum detection efficiency of the first on sky test, the

result of Ceus et al. (2012) opens a large range of perspectives for the application of

nonlinear optics to astronomy. It is easy to think about potential applications such as

conversion of MIR light into telecom wavelengths to exploit the availability of
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photonic components for signal transport and processing over large distances. This

is indeed the basic concept that the project ALOHA aims to test at the CHARA

interferometric array (Lehmann et al. 2018b). The project aims at enabling MIR

interferometric observations by converting MIR photons to the telecom wavelengths

by means of a PPLN waveguide and transferring the up-converted light to the beam

combiner using hectometric single-mode optical fibers (Lehmann et al. 2019). As

the efficient conversion of photons requires long lithium niobate waveguides (2–4

cm), the conversion bandwidth is small and only narrow lines of the MIR spectrum

can be explored. A possibility to extend the bandwidth of the the frequency

conversion is to use several non-redundant phase-modulated pump sources at

slightly different wavelengths which achieve phase-matching at different portions of

the MIR spectrum (Lehmann et al. 2018a). The phase modulation of the different

pump sources allows disentangling the MIR spectral channels by a simple Fourier-

transformation of the interferometric signal of both arms of the interferometer. The

initial results of this project are very promising, however the conversion efficiency

of the PPLN conversion stage requires improvements (e.g., longer PPLN, higher

pump power, reduction of insertion losses), as the achieved overall conversion

efficiency is in the order of 0.4% (Lehmann et al. 2018a).

Fig. 15 Scheme of the experimental layout of a fiber interferometer with optical frequency conversion
stage. An infrared light source consisting of two point sources is collimated and sampled by two fiber
couplers which could move across the collimated beam, thus simulating an astronomical interferometer
observing a binary star. The sampled light is carried by the fibers to a coupler which injects the pump
beam necessary to generate the optical sum frequency in the periodically poled lithium niobate
waveguides (PPNL). The generated visible light from each PPNL crystal is then coupled into a fiber
suitable for visible light and mixed inside a 2x2 coupler before being detected. A parallel infrared
interferometer is built for reference purposes. Image reproduced with permission from Brustlein et al.
(2008), copyright by APS
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5 Conclusion and future

In this paper, we have discussed how state-of-the-art optical technologies, i.e.,

photonics, are slowly being incorporated into the design and realization of new

astronomical instrumentation with enhanced performance and which could exploit

the light collection parameters of current and forthcoming large or extremely large

telescopes. This process of testing advanced optical technologies to investigate the

sky can be seen as a continuation of a scientifically fruitful tradition initiated by

Galileo’s attempt to point his telescope to the Moon and Jupiter. As discussed in

Sect. 2, a number of important scientific cases would benefit greatly from

widespread incorporation of photonic technologies thanks to their intrinsic small

footprint, multiplexing capability and potentially superior performance as compared

to bulk optics, provided the PSF of the telescope is suitably controlled.

As we have seen, the small footprint offered by integrated optical components is

a major asset for astrophotonic instrumentation. This aspect has been already

exploited to deliver extremely compact beam combiners for optical astronomical

interferometry, which offer enhanced stability to climatic and mechanical pertur-

bations of the instrument (see Sect. 4.3). Additionally, several groups are trying to

develop miniaturized integrated photonic spectrographs, (Sect. 4.1), with many

replicas of the miniaturized devices connected to the ends of a photonic lantern

(Cvetojevic et al. 2012) or a single miniaturized device is linked to an AO-corrected

telescope (Jovanovic et al. 2017a). Miniaturization can also bring tremendous

benefits to space borne instrumentation, saving precious fuel or enabling more

experiments on the same space probe. In this context, we mention the flight in 2017

of an integrated photonic spectrometer (Betters et al. 2012) on the Australian

nanosatellite i-INSPIRE 2, and the attempt to launch in early 2018 an integrated

optics interferometric beam combiner with the French PicSat (Lacour et al. 2014).

More experiments will certainly follow in the future and demonstrate the full

potential of astrophotonics technologies for space astronomy.

Related to miniaturization is also the opportunity to integrate in the instrument

many small copies of optical devices delivering or processing the light signal from

the sky. Under this aspect, the introduction of optical fibers in spectroscopy

revolutionized astronomy, allowing to multiply by up to three orders of magnitude

the productivity of spectrographs (Sect. 4.2) or to enable spatially and spectrally

resolved images of distant galaxies (Sect. 4.2). This trend will certainly continue in

the future as planned large scale MOSs (e.g., 4MOST, or ELT/MOSAIC) will see

the light and new astrophotonic functionalities may be added (e.g., multiple

PIMMS; Bland-Hawthorn and Horton 2006).

Enhanced performance is also a key element of astrophotonic instrumentation,

which may develop fully in the coming years. As we mentioned in Sect. 4.3, the

superior performance of integrated optics beam combiners for optical interferometry

has been already demonstrated and employed in instruments such as GRAVITY,

which promises to revolutionize our knowledge on the supermassive black-hole

nested at the center of our Galaxy (GRAVITY Collaboration et al. 2017). Extension

of the concept to MIR wavelengths is rapidly progressing (Diener et al. 2017;

123

6 Page 56 of 81 S. Minardi et al.



Kenchington Goldsmith et al. 2017b; Labadie et al. 2018), as is the increase of the

number of combined telescopes at the yet unexplored J spectral band (Pedretti et al.

2018). As we have seen in Sect. 4.1, photonics is the only viable existing option to

enable the suppression of telluric OH emission lines before the spectrograph, a key

functionality for spectroscopy of galaxies with redshifts between 2 and 3 (the

cosmic noon). While proof-of-principle experiments have been already carried out

with GNOSIS, the project PRAXIS has moved a step forward from technology

towards science demonstrator. Active photonics is also becoming more and more an

essential tool of modern astronomy. Laser Guide Stars (Sect. 4.5) will be standard

equipment in large and extremely large telescopes required to extend the use of AO

to fainter objects, while laser frequency combs (Sect. 4.5) promise to become the

ultimate calibrators for mid- and high-resolution spectroscopy. Laser light sources

are becoming also common in space exploration. For instance, the ChemCam of

NASA’s Curiosity Mars Rover features a powerful nanosecond pulse infrared laser

to perform laser-induced breakdown spectroscopy (LIBS) of distant rocks. Light

emitted by the laser plasma is delivered via optical fiber from the collection optics

on a robotic arm to the spectrometer hosted in the chassis of the rover. In the future,

lasers on board of deep-space probes could enable extremely accurate ranging to

push our knowledge on planetary dynamics to unprecedented precision (Smith et al.

2006), while large datasets could be beamed optically to Earth at a rate of several

hundred Mbit/s (Bland-Hawthorn et al. 2002; Sodnik et al. 2014; Robinson et al.

2014) exploiting the high brilliance of laser sources.

We believe these three features will be the cornerstones of future applications of

photonic technologies to astronomical instrumentation. While the choice between

astrophotonic and conventional solutions has to be evaluated for each instrumental

project, at present there are three main challenges for the deployment of the

potential of photonic technologies in astronomy.

One key issue affecting mainly single-mode astrophotonic components is the low

throughput, which is mainly due to the mismatch in the modal content of

uncorrected starlight and the supported modes in the photonic component (see

Sect. 3). This problem is particularly severe for large telescope apertures and short

optical wavelengths. Besides using photonic lanterns to sort multimode light into

several single-mode outputs, the definitive solution to this problem is matching the

single-mode components to a telescope equipped with AO. While diffraction-

limited beams are already possible at infrared wavelengths on 8-meter class

telescopes (Dekany et al. 2013; Jovanovic et al. 2014), recent advances allow the

achievement of moderate Strehl ratios in the visible band at 6-meter-class telescopes

(Pedichini et al. 2017). At the same time, the development of micro-electro-

mechanical systems has consistently reduced the prices of high-order deformable

mirrors, making AO more affordable. We expect that the increasing number of

telescopes equipped with moderate to extreme AO systems will contribute to

increase the competitiveness of single-mode astrophotonic instrumentation such as

PIMMS, while bringing to fruition the decade-long development of phase mask

coronagraphs (Sect. 4.4).

A second aspect hindering the use of astrophotonic components is the relatively

narrow spectral coverage of existing manufacturing technologies. Most of the
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photonic components have been optimized for the digital telecommunication

market, which operates in a narrow infrared band (approximatively corresponding to

the shorter half of the astronomical H-band), where silica is most transparent. The

availability of commercial components outside this range is scarce and often not

compliant with the requirements of astronomical use, e.g., they feature higher

insertion or scattering losses compared to telecom band equivalents. Clearly,

astronomers will need to rely on existing manufacturing technologies, as the

optimization of photonic production processes is beyond the possibilities of the

community. However, growing markets, such as biophotonics and security,

currently drive photonic applications in the visible and MIR bands, which may

deliver the required platforms for the development of astrophotonic components. As

we have seen in Sect. 4.3, advances in manufacturing technologies for MIR

photonics are behind the recent progress towards MIR integrated optics beam

combiners for stellar interferometry.

A third aspect is the achievable dynamical range of integrated optical devices. As

mentioned, these have mostly been developed for digital telecommunications where

modulation contrasts of 20 dB (1:100) or less are usually sufficient to reduce bit

error rates to negligible values. With these specifications, stray light originating

from modal mismatches or scattering in waveguides does not affect substantially the

performance of the devices. In contrast, several astronomical science cases (such as

high-precision spectroscopy, coronagraphy or nulling interferometry) require

contrasts exceeding 30 dB. At these levels the already mentioned sources of stray

light may turn out to be unacceptable and pose a challenge for the development of

astronomy-grade integrated optics.

We put forward that dealing with these challenges will be at the focal point of

new astrophotonic developments in the years to come, which will certainly witness

new fascinating discoveries in astronomy enabled by increasingly sophisticated

instrumentation, where state-of-the-art photonics will play a crucial role.
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Bouchy F, Dı́az RF, Hébrard G, Arnold L, Boisse I, Delfosse X, Perruchot S, Santerne A (2013)

SOPHIE?: first results of an octagonal-section fiber for high-precision radial velocity measure-

ments. A&A 549:A49. https://doi.org/10.1051/0004-6361/201219979

123

Astrophotonics: astronomy and modern optics Page 61 of 81 6

https://doi.org/10.1364/AOP.7.000107
https://doi.org/10.1117/12.552116
https://doi.org/10.1117/12.670931
https://doi.org/10.1364/OE.17.001880
http://arxiv.org/abs/0902.0415
https://doi.org/10.1364/OE.25.015549
http://arxiv.org/abs/1706.05132
https://doi.org/10.1126/science.1074113
https://doi.org/10.1126/science.1074113
https://doi.org/10.1364/OPEX.12.005902
https://doi.org/10.1364/OPEX.12.005902
https://doi.org/10.1117/12.856347
https://doi.org/10.1038/ncomms1584
https://doi.org/10.1086/425735
https://doi.org/10.1038/nature15705
https://doi.org/10.1117/12.454802
https://doi.org/10.1051/0004-6361/201526906
http://arxiv.org/abs/1511.04082
https://doi.org/10.1017/9781108769914
https://doi.org/10.1017/9781108769914
https://doi.org/10.1051/0004-6361/201219979


Bouquin JBL, Berger JP, Lazareff B, Zins G, Haguenauer P, Jocou L, Kern P, Millan-Gabet R, Traub W,

Absil O, Augereau JC, Benisty M, Blind N, Bonfils X, Bourget P, Delboulbe A, Feautrier P,

Germain M, Gitton P, Gillier D, Kiekebusch M, Kluska J, Knudstrup J, Labeye P, Lizon JL, Monin

JL, Magnard Y, Malbet F, Maurel D, Ménard F, Micallef M, Michaud L, Montagnier G, Morel S,

Moulin T, Perraut K, Popovic D, Rabou P, Rochat S, Rojas C, Roussel F, Roux A, Stadler E, Stefl S,

Tatulli E, Ventura N, (2011) PIONIER: a 4-telescope visitor instrument at VLTI. A&A 535:A67.

Bowler BP, Liu MC, Dupuy TJ, Cushing MC (2010) Near-infrared spectroscopy of the extrasolar planet

HR 8799 b. ApJ 723(1):850. https://doi.org/10.1088/0004-637X/723/1/850

Bracewell RN (1978) Detecting nonsolar planets by spinning infrared interferometer. Nature 274:780.

https://doi.org/10.1038/274780a0

Breckinridge J, Lindensmith C (2005) The astronomical search for origins. Opt Photon News 16:24.

https://doi.org/10.1364/OPN.16.2.000024

Brown G, Thomson RR, Kar AK, Psaila ND, Bookey HT (2012) Ultrafast laser inscription of Bragg-

grating waveguides using the multiscan technique. Opt Lett 37(4):491–493. https://doi.org/10.1364/

OL.37.000491

Brustlein S, Del Rio L, Tonello A, Delage L, Reynaud F, Herrmann H, Sohler W (2008) Laboratory

demonstration of an infrared-to-visible up-conversion interferometer for spatial coherence analysis.

Phys Rev Lett 100(15):153903. https://doi.org/10.1103/PhysRevLett.100.153903

Bryant JJ, O’Byrne JW, Bland-Hawthorn J, Leon-Saval SG (2011) Characterization of hexabundles:

initial results. MNRAS 415(3):2173–2181. https://doi.org/10.1111/j.1365-2966.2011.18841.x

Bryant JJ, Owers MS, Robotham ASG, Croom SM, Driver SP, Drinkwater MJ, Lorente NPF, Cortese L,

Scott N, Colless M et al (2015) The SAMI Galaxy Survey: instrument specification and target

selection. MNRAS 447(3):2857–2879. https://doi.org/10.1093/mnras/stu2635

Burtscher L, Hönig S, Jaffe W, Kishimoto M, Lopez-Gonzaga N, Meisenheimer K, Tristam KRW (2016)

Infrared interferometry and AGNs: Parsec-scale disks and dusty outflows. In: Malbet F, Creech-

Eakman MJ, Tuthill PG (eds) Optical and Infrared Interferometry and Imaging V. Proceedings of

SPIE, vol 9907. SPIE, p 99070R. https://doi.org/10.1117/12.2231077. arXiv:1607.04533

Buscher DF, Haniff CA, Baldwin JE, Warner PJ (1990) Detection of a bright feature on the surface of

Betelgeuse. MNRAS 245:7P

Buscher DF, Creech-Eakman M, Farris A, Haniff CA, Young JS (2013) The conceptual design of the

magdalena ridge observatory interferometer. J Astron Instr 2:1340001. https://doi.org/10.1142/

S2251171713400011. arXiv:1307.0391 [astro-ph.IM]

Butler RP, Marcy GW, Williams E, McCarthy C, Dosanjh P, Vogt SS (1996) Attaining Doppler precision

of 3 m s�1. PASP 108:500. https://doi.org/10.1086/133755

Calia DB, Hackenberg WK, Araujo C, Guidolin I, Alvarez JL (2004) Laser-guide-star-related activities at

ESO. In: Calia DB, Ellerbroek BL, Ragazzoni R (eds) Advancements in Adaptive Optics.

Proceedings of SPIE, vol 5490. SPIE. pp 974–980. https://doi.org/10.1117/12.552947

Ceus D, Tonello A, Grossard L, Delage L, Reynaud F, Herrmann H, Sohler W (2011) Phase closure

retrieval in an infrared-to-visible upconversion interferometer for high resolution astronomical

imaging. Opt Express 19:8616. https://doi.org/10.1364/OE.19.008616

Ceus D, Reynaud F, Woillez J, Lai O, Delage L, Grossard L, Baudoin R, Gomes JT, Bouyeron L,

Herrmann H, Sohler W (2012) Application of frequency conversion of starlight to high-resolution

imaging interferometry. On-sky sensitivity test of a single arm of the interferometer. MNRAS

427:L95–L98. https://doi.org/10.1111/j.1745-3933.2012.01352.x

Charles N, Jovanovic N, Gross S, Stewart P, Norris B, O’Byrne J, Lawrence JS, Withford MJ, Tuthill PG

(2012) Design of optically path-length-matched, three-dimensional photonic circuits comprising

uniquely routed waveguides. Appl Opt 51:6489. https://doi.org/10.1364/AO.51.006489. arXiv:1209.

5144 [astro-ph.IM]

Chesneau O, Banerjee DPK, Millour F, Nardetto N, Sacuto S, Spang A, Wittkowski M, Ashok NM, Das

RK, Hummel C, Kraus S, Lagadec E, Morel S, Petr-Gotzens M, Rantakyro F, Schöller M (2008)
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Malbet F, Léger A, Shao M, Goullioud R, Lagage PO, Brown AGA, Cara C, Durand G, Eiroa C, Feautrier

P, Jakobsson B, Hinglais E, Kaltenegger L, Labadie L, Lagrange AM, Laskar J, Liseau R, Lunine J,

Maldonado J, Mercier M, Mordasini C, Queloz D, Quirrenbach A, Sozzetti A, Traub W, Absil O,

Alibert Y, Andrei AH, Arenou F, Beichman C, Chelli A, Cockell CS, Duvert G, Forveille T, Garcia

PJV, Hobbs D, Krone-Martins A, Lammer H, Meunier N, Minardi S, Moitinho de Almeida A,
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