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Executive Summary

AAOmega will retain the wide-field and multiplex advantage of 2dF, while increasing the spectral resolution by a factor of 2-3, and the throughput by at least a factor of two. It will also enable science in entirely new astronomical areas by the routine provision of high precision sky subtraction via nod-and-shuffle observing on an extremely stable spectrograph (orders of magnitude better than 2dF).  AAOmega will do science that is currently not possible with 2df, or any other 4 to 8-m class telescope.  
In this document, we identify key scientific projects uniquely suited to AAOmega, highlighting the new  and important science it will carry out in the areas of:
· the structure, formation, and evolution of the Galaxy via spectroscopy of stellar populations in the disk, bulge, and halo.  
· the structure, evolution and mass function of the open clusters in which all disk stars are born.
· detailed kinematic and chemical structure studies of the LMC/SMC and Local Group dwarf spheroidals.  
· new deep galaxy and quasar surveys which will follow on from the 2dFG/QRS and the new imaging data sets from UKISS and SDSS.  

The key requirements for this science are:
· 1-5 km/s high velocity precision
· sky subtraction to 1% or better 
· throughput at least twice that of 2dF
· very high spectrograph stability  - 1/20 pixel over several hours.
These in turn drive key AAOmega technical requirements:
· Spectral resolution up to R~10000
· Nod&Shuffle capability with the maximum feasible number of fibres (350-400) as a standard observing mode
· An efficient, bench-mounted, thermally/mechanically stable spectrograph.  
We briefly discuss the science that will be possible with the AAOmega IFU. We note that the AAOmega IFU’s key functionality is to fill the role of the soon-to-retire RGO spectrograph – this functionality is not a driver of any AAOmega technical requirements. We conclude with a table summarizing the science requirements for the identified key projects.

Background

Following its 2002 meeting, the AAOUC made several recommendations regarding the material presented to it for review. The following summarises their recommendations.

1. An enlarged set of science cases needs to be developed, which includes statements on (for example) required sky subtraction, typical target density on sky, required velocity precision and resultant stability requirements.

2. These in turn should lead into a set of Science Requirements, which then must drive the Functional Requirements.

3. The AAOUC wanted to see a similarly developed case for the IFU.

The AAO accepts these first two recommendations in full.  The AAO also acknowledges the need for a science case for the IFU (recommendation 3), although the IFU does not drive the AAdesign; we do discuss briefly possible AAscience.

We have therefore prepared an expanded Science Case & Science Requirements document.  It aims to be larger in scope, while concentrating on the core scientific niches in which AAOmega will have a strong competitive edge. We concentrate on science topics which require ten or more nights. 

AA( Strategic Science Drivers
AA( will make possible a wide range of scientific projects. However, for the purposes of defining the Science Requirements of AA(, it is important to concentrate on the unique areas of scientific strength that a wide-field, multi-object, high-precision instrument on a 4m telescope can address, compared to DEIMOS, VIMOS, GIRAFFE, etc.

· Surveys of significant size: a wide-field, multi-object, high-precision instrument on a 4m telescope can concentrate on large-scale (ie tens-to hundreds of nights, tens to hundreds of thousands of objects) scientific projects which can’t be carried out on 8-m telescopes, or in ‘single object’ mode on 4m telescopes. Single object or IFU science does not drive the AA( design. (The AA( IFU is only being considered as part of the overall project because it comes essentially for free given the prior existence of SPIRAL and the new AA( spectrograph.)
· High precision and stability: not an area of observational phase space being pursued by instruments like DEIMOS, VIMOS, OzPoz+GIRAFFE.

· Nod and shuffle: We are hoping to be able to Nod&Shuffle with ~350 fibres, which will provide us with a unique facility.

· Wider field than all 8m class instruments.

No 4m or 8m telescope/instrument can achieve all of the above simultaneously.  8-10m instruments (eg. VLT/VIMOS/FLAMES, Subaru/FMOS, Keck/DEIMOS) will be able to work to fainter limiting magnitudes and higher spectral resolution than AAOmega, but they have much smaller fields of view (FMOS and FLAMES have a f.o.v. of ~0.5 deg) and generally lower multiplexing (with the exception of VIMOS).  4-6m instruments (eg. Sloan, Hydra, Hectospec/Hectoechelle) have wider f.o.v., but no single instrument  combines high multiplexing, spectral resolution, stability, and Nod&Shuffle.  6dF has the largest f.o.v. of any instrument, but with smaller aperture, resolution, and multiplexing than AAOmega.
Note:  Unless otherwise indicated, all S/N calculations below assume a total efficiency of 15% (takes into account seeing losses for point sources; see Figure 1), dark skies, seeing of 1.5”, readnoise of 3 e- (generally negligible), and a fibre diameter of 2.0” (for calculating in-fibre object and sky mags).  The quoted S/N is per FWHM (in MOS mode, there are 3.5 pixels/FWHM.  For the highest spectral resolution (R=8000-10000), the FWHM ~ 0.5 Ang).  For example, at high resolution, a point source with V=20 will have a S/N ~20 in 4 hours exposure.

[image: image1.wmf]Figure 1: AAOmega total predicted throughput in the blue arm.  Different curves show the different components, as labelled.  The bottom curve gives the total throughput. Seeing losses (for a point source in 1.5” seeing) are taken into account.  Note that the throughput below 500nm would be better than shown here, because the VPH would be tuned for the wavelength region of interest.  The throughput is zero above 600nm because of the dichroic.
Galactic Structure

AAOmega will be able to detect and characterise stars in all of the major components of the Galaxy down to a magnitude limit of V~20:

· Halo, thin disk & thick disk solar type dwarfs out to 10kpc & K-dwarfs out to 3kpc

· Halo, thick disk and thin disk giants out to >150kpc

· ‘Solar-type’ dwarfs can be detected throughout the bulge and bar
AAOmega will perform targeted observations (eg., detailed kinematics and abundances) in a range of important areas, beyond the 6dF sensitivity limits of V~16.

Inner Halo: Cold streams represent the remnants in kinematic phase space of tidally disrupted in-falling satellite galaxies. A wide variety of studies are detecting these structures now associated with globular clusters (e.g. Pal 5,  Cen), dSph galaxies (e.g. Sgr) and in the general halo (e.g. Helmi’s Stream). There are too few giants per AAOmega field to do traditional halo work, but halo dwarfs are ideal. AAOmega will have a critical role in being able to measure the kinematics at the required velocity precision of 1km/s for V<17 (the velocity precision will be worse at fainter magnitudes because of lower S/N; we assume a precision of 3--5 km/s for V=17-20).   Identification of stream member stars will then allow targeted follow-up for more detailed abundance determinations, which will provide vital information on the abundance evolution of the halo.

Sample: SDSS, VISTA

Target Density: 30/sq deg at V=17; 130/sq deg at V=20. 
Number of fields: 25 to get 10,000 halo dwarfs
Exposures: 4h for S/N~20 at V=20. 

Total Project Time: 10-15 nights (2 fields/night)

Velocity Precision: 1 km/s (V<17), 3-5 km/s (V=17-20; set by S/N) 

Spectral Resolution: R=10000


Sky subtraction: 1% or better at V=20.  

Nod&Shuffle: Desireable (may be required, especially in ‘gray’ conditions, and for the faintest objects)
Outer Halo: Several groups (e.g. the SDSS; Morrison and collaborators: the Spaghetti Survey) are using photometric surveys to identify candidate distant halo giants to: study the Galactic mass/potential, determine the extent of the stellar halo (are there intra-Local Group stars?), and to search for halo streams.  The densities of such halo giants are lower than for the dwarfs discussed above (~10/sq deg), but they are extremely useful as probes of the outer Galactic halo, out to 100-150 kpc.   The SDSS is finding thousands of “A-coloured” stars (including A stars, Blue Horizontal Branch (BHB) stars, and blue stragglers), which are found out to distances of 50-100 kpc for Vlim ~ 20 (e.g. Yanny et al. 2000).  The overall density of these A-coloured stars is similar to halo giants (5-10/sq deg), but higher in “clump regions” (possible tidal streams; densities of 15-20/sq deg).  The required spectral resolution, velocity precision, and exposure times will be similar to the Inner Halo project discussed above.  This project could be combined with the Inner Halo project above.

Sample:  SDSS, VISTA

Target Density: 10-20/sq deg to V=20.  

Number of Fields: 20 to get ~1,000 halo giants

Exposures: 4h for S/N~20 at V=20 

Total Project Time: 10 nights (2 fields/night)

Velocity Precision: 1 km/sec (V<17), 3-5 km/sec (V=17-20)

Spectral Resolution: R=10000

Sky Subtraction: 1% or better at V=20

Nod&Shuffle: Desireable

Thick Disk: Is the thick disk a heated version of the early thin disk? Or built up from in-falling satellites? Abundance observations of thick disk dwarfs can discriminate between these hypotheses because thin disk heating will preserve the original disk abundance gradient, while in-fall will not. Clump giants can be seen to a galactocentric radius of 30 kpc.

Sample: SDSS, VISTA

Target Density: 35/sq deg.
Number of fields: 50 to get 5,000 thick disk clump giants
Exposures: 1h for S/N~20 at V=17 to deliver 1km/s velocities
Total Project Time: 6 nights (8 fields/night)

Velocity Precision: 1 km/sec at V=17

Spectral Resolution: R=10000

Sky Subtraction: 1-2% (adequate for V<17)

Nod&Shuffle: Not required
Bar Dynamics: The bar drives the dynamical equilibrium and the distribution function of the inner disk, as well as driving much of the large scale structure of the outer disk’s spiral arms. Sophisticated 3-D models of the bar now provide detailed predictions of the kinematics of the outer-bulge/inner-disk. These can be tested using clump giants as test particles which can observed with AAOmega. (Despite being bright sources, these stars cannot be observed with 6dF anywhere in the bulge due to the confusion within 6” apertures.  AAOmega, with its 2” fibres, will be affected by crowding only in the inner bulge.)

Sample: SDSS, VISTA

Target Density: >300/sq deg

Number of fields: 50 to get 20,000 clump giants

Exposures: 2h for S/N~30 at V=17 to deliver 0.5-1 km/s velocities.

Total Project Time: 10-15 nights (4 fields/night)

Velocity Precision: 0.5-1 km/sec at V=17

Spectral Resolution: R=10000

Sky Subtraction: 1-2%

Nod&Shuffle: Not required

Bulge: The bulge is thought to have been formed either from the rapid collapse of a proto-cloud, by the heating of the inner disk by a bar, or from the accretion of satellite galaxies. Rapid collapse will enhance alpha-capture elements relative to Fe [(/Fe] for most of the bulge stars. A bulge which has formed over a billion or more years via heating of the disk will produce solar values of [(/Fe].  Satellite in-fall will lead to a large dispersion in [(/Fe] and will produce kinematic structures in the outer regions of the bulge. Another related study is to look for the imprint of the bar on the bulge. Both studies require a massive clump giant survey on the bulge since this is a complex region. Extinction in Baade’s window is 1.5 mag.
Sample: SDSS, VISTA

Target Density: >300/sq deg
Number of fields: 50 fields to get 20,000 clump giants.
Exposures: 1h for S/N~20 at V=17 for 1km/s precision; ([Fe/H]=+0.15 abundances for clump giants.

Total Project Time: 6 nights (8 fields/night)

Velocity Precision: 1 km/sec at V=17

Spectral Resolution: R=10000

Sky Subtraction: 1-2%

Nod&Shuffle: Not required

Finding the Edge of the Thin & Thick Disks: The edge of the Galactic disk is believed to be a signature of the angular momentum properties of the early protocloud, i.e. a zero order signature of galaxy formation. This edge can be detected by measuring the density of dwarf stars as a function of Galactocentric radius – AAOmega spectra will reject interloping giants and metal-weak halo dwarfs, and provide spectroscopic classification (together with existing photometry) to measure distances to each dwarf. Radial velocities from the same spectra will assign membership of each dwarf to either the thick- or thin-disk.

Sample: SDSS, VISTA

Target Density: ~ 3000/sq deg for thick and thin disk. 
Number of Fields: 5000 spectra will clearly separate the thick and thin disks, requiring ~15 fields.

Exposures: S/N~20 at V=20 in 4h. Delivers 3-5 km/s velocities.

Total Project Time: 5-10 nights (2 fields/night)

Velocity Precision: 5 km/s precision adequate since random disk motions are  ~10 km/s.

Spectral Resolution:  R=10000

Sky Subtraction:  1% or better at V=20

Nod&Shuffle: Desireable

Galactic Globular Clusters: AAOmega will be extremely important in studies of Galactic globular clusters.  Velocities to ~1 km/sec will allow detailed dynamical modelling of the clusters (rotation and velocity dispersion as a function of radius), searches for main-sequence binaries (currently not possible with 2dF), while high spectral resolution and S/N will allow the determination of detailed abundance ratios (both for giant and main sequence stars).  The AAOmega wide field will allow searches for extra-tidal stars and cluster tidal tails beyond 1 deg radius (e.g. as found recently in Pal 5 from the SDSS; Odenkirchen et al. 2001).  Such tidal tails give information on cluster mass loss processes, and the cluster’s Galactic orbit.  As well, the structure of the tidal tails is very sensitive to heating by Galactic substructure, and is thus an excellent test of hierarchical CDM models:  Ibata et al. (2002) claim that: “the finding of a single extended cold stellar stream from a globular cluster would support alternative theories, such as self-interacting dark matter, that give rise to smoother haloes.”  Candidate selection would be done from the SDSS and other multi-band, wide-field imaging of Galactic globular clusters.  The velocity dispersions of clusters and possible tidal streams are < 10 km/sec, driving the highest spectral resolution of R ~ 10,000 to yield velocities to 1-2 km/sec; cluster stellar abundance studies, particularly of weak lines, also demand high spectral resolution, as well as high S/N.

Sample: from SDSS and other wide-field imaging programmes

Target Density: >1000/sq deg to V=18-20

Number of Fields: 50 fields total (5 fields per cluster for 10 clusters, giving 1000-1500 stars per cluster)

Exposures: 
S/N ~ 75 to V=18 (roughly to MSTO) in 4 hrs, yielding high quality spectra of cluster giants, and velocities good to 1-2 km/sec. At V=20, get S/N ~ 20 in 4 hours, giving velocities for main sequence stars good to 3-5 km/sec.

Total Project Time: 25 nights (2 fields/night)

Velocity Precision: 1-2 km/sec for V<18; 3-5 km/sec for V=18-20

Spectral Resolution: R=10000

Sky Subtraction: 1% or better at V=20

Nod&Shuffle: Desireable

It can be seen from the above that a common set of Science Requirements for the Galactic Structure projects is:

Resolution: We require a velocity precision of ~1 km/s for most of these projects.  This drives R to ~10,000 over the full optical range.  

S/N: Velocities of 1 km/sec require a S/N ~ 100, which can be achieved for V < 17 in 4 hours at R=10000.  For fainter magnitudes, the velocity precision will be lower (for the same exposure times), but should still be better than 5 km/sec for V<20 (better velocity precision at fainter magnitudes can of course be achieved with longer exposures).

Sky Subtraction: For those projects requiring velocities to ~1 km/sec at V=20, the sky subtraction needs to be ~1%, so that the sky residuals are comparable to or lower than the object Poisson noise.  In gray skies, with more sky flux, the sky subtraction needs to be better than 1%.  Mean-sky and/or beam-switching techniques will probably allow sky subtraction to ~1% (based on extrapolation of current 2dF performance), but it is clearly desireable to have Nod&Shuffle capability for these projects; Nod&Shuffle is probably required for gray conditions for the faintest objects (most of these projects could be carried out in gray conditions) 
 Note that Nod&Shuffle will be difficult to do in crowded fields such as the Galactic bulge/bar/disk, and star clusters, where many of the “sky” positions will be contaminated.

Stability: 1/60th of a FWHM over a 6h period as measured by arc x-corr.  This corresponds to ~1/20 of a pixel.  This should be possible with AAOmega’s bench-mounted, thermally/mechanically stable spectrograph. Note that WIYN/Hydra achieves a stability of 1/75 of a pixel to V=14 with R=13,000 (100 m/sec velocity precision!) and 1/15 of a pixel with R=4000 (500 m/sec velocity precision).   A S/N ~ 100 is probably required to achieve a velocity precision of 1 km/sec, but this will depend on the stellar line strengths and the wavelength range. 4 hour exposures should allow a S/N of >100 for V < 17.  Thus, for V < 17, we should achieve a velocity precision of 1 km/sec or better, while for 17 < V < 20, the precision will be slightly worse at 3-5 km/sec.  These estimates are borne out by experience with Hydra, where a velocity precision of ~1 km/sec for V ~ 18 in ~4 hour exposures at comparable resolution has been achieved.

Abundance determination does not really drive stability or sky-subtraction requirements. 

Intracluster Planetary Nebulae

Science: AAOmega will not be competitive for Planetary Nebulae (PNe) spectroscopy around individual galaxies, where instruments like the Planetary Nebulae Spectrograph (PNS) and slitless spectroscopy on 8m telescopes will be better.  However, AAOmega will be very competitive for wide-field observations of rarer objects, such as intracluster Pne (ICPNe).  The study of ICPNe, i.e. those PNe not attached to any cluster galaxy, is important for the determination of the amount and distribution of intracluster light, and for our understanding of the evolutionary processes affecting cluster galaxies.  A main goal is to look for the kinematical signature of harassment, which is an important feature in the evolution of clusters and their galaxies: i.e. turning larger galaxies into dwarfs and feeding the intracluster medium.  Since the OIII[4959/5007] lines are so narrow, it is best to observe ICPNe at very high resolution, to get the largest contrast between emission line and background sky; R=8000--10000 is ideal.  The main project would be to cover several square degrees of the cores of the nearby Virgo and Fornax clusters, where AAOmega would have the most competitive advantage; this would yield > 10000 ICPNe, allowing the goals above to be realized.  It would also be of interest to search for intra-group PNe (e.g. Leo, Sculptor), where little work has been done to date.  Narrowband imaging surveys will be needed to identify ICPNe candidates, but such surveys are already underway.  Some fraction of the ICPNe candidates (~25% from current work by Freeman and collaborators) will be starburst galaxies at z ~ 3.1, but these can be distinguished by the lack of the OIII/4959 line and their asymmetric line profiles (and they are also of interest in their own right!)

Sample:  Narrowband imaging surveys to identify ICPNe candidates

Target Density: 360/sq deg to m5007 = 27.5 

Number of Fields: 50 total (30 Virgo, 20 Fornax) covering 10/6 sq deg in Virgo/Fornax, yielding ~25,000 ICPNe candidates (the density of ICPNe will drop with radius from cluster center) and 10000—20000 genuine ICPNe.

Exposures: 8h/field

Total Project Time: 50 nights

Velocity Precision: < 25 km/sec (adequate for the science)

Spectral Resolution: R=8000—10000 for high emission line/sky contrast

Sky Subtraction: few percent (not critical)

Nod&Shuffle: Not required

Galaxy and Quasar Redshift Surveys

2dFGRS Luminous Red Galaxy Survey

Science: The main goals are to study large-scale structure/evolution at z>0.3, but targeting rare objects over large areas, since instruments like DEIMOS and VIMOS will be doing objects this faint, but over much smaller fields. The aim here is to make an LRG (luminous red galaxy) sample to r<20.5 in the 0.38<z<0.8 range, complementing the SDSS LRG selection limits of r<19.2, z<0.38.  The scientific goals are to probe the evolution of:  (a) galaxy clustering, (b) the cluster space density and (c) the early-type LF to higher z. This could be done in tandem with a g<22 (or i<21.5) QSO survey with a g=22 (or i=21.5) limit.

Sample: SDSS-selected galaxies over a large fraction of the SDSS southern strip, down to V~22.  Pre-selection of galaxy targets (e.g. large red galaxies to give sample of objects at z~0.7) to reduce target density. 

Target Density: 100 deg-2  (for LRGs)

Number of Fields: 100-200  for 30000-40000 LRG candidates

Exposures: 10h/field for S/N= 15 at V=22 (5 hours on-source with N&S)

Total Project Time: 100-200 nights (1 field/night)

Velocity Precision: < 100 km/sec

Resolution: Set by maximal wavelength coverage, R~1300

Wavelength Coverage: Need to get Mgb @ z=0.8  ( 9500A
Sky subtraction required: to 0.1% of sky brightness (faint targets)

Nod-and-shuffle: Required by 0.1% sky brightness demand.

2QZ deep

Science: A deep 2QZ survey would aim to extend studies of QSO clustering and the LF to fainter intrinsic QSO luminosity and to higher redshifts. This is necessary to reach the regime of black hole masses that are readily accessible to dynamical studies in local galaxies, to understand the relations between local Seyferts and higher redshift AGN, and to understand the role of non-standard accretion modes (such as ADAF or "obscured" accretion) in AGN evolution.  Measuring below the break in the luminosity function is crucial for distinguishing among models that make different assumptions about the relative importance of accretion and mergers in driving black hole growth and for characterizing the total emissivity of the AGN population. Quasars are sparse tracers of structure, and the signal-to-noise for correlation function measurements goes like the product of quasar number and surface density.  Therefore a deep survey has more power than a wide survey with the same number of quasars for studies that use quasar clustering to constrain spacetime geometry (e.g., the Alcock-Paczynski test), quasar lifetimes, or triggering mechanisms.  Finally, a survey to faint limits has much higher probability of finding the close pairs or multiples that would be ideal for studying IGM structure in three dimensions via Lya forest spectra. 

Sample: SDSS-selected QSOs over a large fraction of the SDSS southern strip, down to V~23 (z=0-6)

Target Density: 200 deg-2  (QSO candidates)

Number of Fields: 100-200 for 35000-70000 QSO candidates

Exposures: 4-8hr/field to give S/N~5 at V=23 (2-4 hours on-source with N&S)

Total Project Time: 100-200 nights (1-2 fields/night)

Wavelength Coverage: need to go as blue as possible to ID UV (Lya, CIV) lines over wide a z range as possible (min 3800A)

Resolution: Set by maximal wavelength coverage, R ~ 1300

Velocity Precision: 100 km/sec

Sky subtraction required: to 0.1% of sky brightness (faint targets)

Nod-and-shuffle: Required by 0.1% sky brightness demand

2dFGRS: Stellar Populations in Galaxies and CDM Archaelogy

Science: Existing surveys of ~ 100 galaxies in groups show a cosmic scatter in their star formation histories. This scatter appears to arise from both the internal, and external, properties of galaxies. To examine the influence of their environments on their star formation histories, we need to determine accurate light-weighted ages and  metallicities for a large (at least 50,000) sample of galaxies.  By observing 2dFGRS and SDSS subsamples with higher spectral resolution and S/N, we can start to understand the physics of galaxy formation and evolution.  With the 2dFGRS/SDSS, we can select galaxies by spectral type, and compare ages and abundances for early and late type galaxies.  We can also isolate cluster and field galaxies, and study the effects of environment on galaxy properties. Hierarchical merging models make predictions about the relative ages of field and cluster galaxies, which can be tested with the large samples that we propose.  We will also be able to measure internal velocity dispersions (or circular velocities for late-type galaxies), giving a luminosity-independent determination of masses for comparison with galaxy formation models.  This would complement very well the 6dF Peculiar Velocity Survey, which is limited to bright early-type galaxies; with AAOmega we can study galaxies of all types and with a broader range of internal velocities.


Sample: From 2dFGRS/SDSS, z<0.2

Target Density: ~170/sq deg to B = 19.5 (from 2dFGRS)

Number of Fields: 50000-100000 galaxies requires 150-300 fields
Exposures: 2h at R~3500 gives S/N~50 at B=19.5; S/N=100 at B=18.

Total Project Time: 35-70 nights (4 fields/night)

Velocity Precision: Not critical

Spectral Resolution: R=3500

Measure: For B < 19.5, measure velocity dispersions to 10 km/sec and Lick spectral indices.  For B < 18, also measure weaker indices, and obtain more precise ages/abundances via comparison with Vazdekis model spectra.

Requires: spectrograph throughput to 3700A. Observations of OII at 3727A and the Hydrogen Balmer series to H8 (3888A) are critical.

Sky Subtraction: 1% at B=19.5


Nod&Shuffle: Not required

QSO absorption studies

Science: The clustering statistics of Lyman alpha absorption systems (z>2) can be used to constrain cosmological parameters, in particular (, by cross correlating the Lyman alpha forest along independent lines of sight in redshift space - the  “Alcock-Paczynski” test.  Also map out IGM at 10h-1 Mpc resolution at all redshifts using QSO absorption lines.  This requires a high surface density of quasars, which requires at least B~21.

Sample: Known QSOs from 2QZ/SDSS

Target Density: 40/sq deg (10/sq deg with z < 2.1)

Number of Fields: 30 fields to give 3500-4000 QSOs

Exposures: 8 hrs/field to give S/N=10 at B=21 (assuming 5% total system throughput at 370nm)

Total Project Time: 30 nights (1 field/night)

Velocity Precision: 30 km/sec

Stability: Results will be most precisely defined by performing this experiment differentially – with a near identical set-up night after night. Requires ability to set central wavelengths for observations to within 2-pix of last night’s observations. 
Stability within night: 1/10th of pixel as measured by arcs before and after each 2h exposure.

Spectral Resolution: R=8000-10000 to resolve Lyman alpha absorption

Wavelength Coverage: Lyman alpha studies crucially need blue coverage; surface density of QSOs drops dramatically at z>2.2.  Other absorption lines predominantly in UV. Important to cover peak of star formation epoch; inferred to be 1.5<z<2.5. Going to 3700A enables Lyman alpha to be seen  @ z=2.04, CIV @ 1.38 (may be limited by 2dF corrector and fibres).

Sky Subtraction: 1%

Nod&Shuffle: Not required

The Local Group

Dwarf Spheroidals 

Local Group dwarf spheroidals (dSphs) are turning out to be very interesting objects, with complicated star formation histories, and relatively large velocity dispersions implying large M/L ratios (see e.g. review by Mateo 1998, ARAA).  However, it is a matter of vigorous debate whether the large velocity dispersions are due to high dark matter content, or instead arise because the dSphs are in unsettled dynamical states.  AAOmega, with its wide field, high resolution, and high throughput, is in a unique position to map out the velocity field of most of the LG dSphs (bar Ursa Minor and Draco). 

Tidal interactions with the Milky Way and M31 should strip stars and dark matter from dSphs, leading to the formation of stellar and dark matter streams.  Kinematics of such extra-tidal stars tell us how these systems are evaporating as a result of their interaction with the Galaxy, and also provide important information on the shape and structure of the Galactic potential. The SDSS and other studies have clearly detected several tidal streams from the Sagittarius dwarf.  Sculptor and Sextans are also good bets for tidally disrupting systems, while Fornax is also of interest given its asymmetric isophotes.  Wide-field photometry of other dSphs (Carina, Draco, Ursa Minor) has revealed possible changes (“breaks”) in the stellar density profiles in the vicinity of the nominal tidal radius; numerical experiments show that such breaks should be a robust indicator of tidal debris, but the observations are still controversial.  At V=20, clump giants can be observed throughout the Draco (80 kpc), Sculptor (80 kpc), Carina (100 kpc), and Fornax (110 kpc) dSphs, out to well beyond the tidal radius.  

The dSphs and their possible tidal streams are dynamically cold, so observations of their kinematics must be at precisions of better than 2km/s at V=19.

The Large Magellanic Cloud

Mapping of the velocity field of the SMC and LMC is also very important, since we know the SMC, LMC, and Milky Way are strongly interacting; however, there has never been any such systematic  mapping. At V=19, clump giants can be observed throughout the entire LMC (55kpc). Sophisticated 3-D models of the LMC/SMC system provide detailed predictions of the kinematics of the LMC. These can be tested using AAOmega observations of the clump giants, used as test particles.  

Sample: requires wide-field imaging to V~20

Target Densities: LMC – arbitrarily large. 

        dSphs – 300-400/sq deg at tidal radius, to V~20

Number of Fields: 25 pointings for LMC/SMC, 5 pointings for each of 10 dSphs for 75 fields total

Exposures: 4h to reach S/N~30-40 or 1-2 km/s precision at V=19.

Total Project Time: 35-40 nights (2 fields/night)

Velocity Precision: 1-2 km/sec (V=19)


Spectral Resolution: R~10,000 


Sky Subtraction: 1% or better at V=19


Nod&Shuffle: Desireable

Young and Intermediate Age Clusters

“Cleaning up the CMD” for O-G dwarfs in clusters

· High precision radial velocities for membership

· “Removal” of binaries from CMD

· Study cluster dynamical evolution and mass segregation

· Test stellar evolution models and derive cluster ages

· Detection of SB2 and eclipsing binaries which can calibrate mass and Teff for cluster members.

Sample: from existing and upcoming wide-field imaging

Target Density:  >100/sq deg at V=18

Number of Fields: 20 fields (4 fields for each of 5 clusters, giving ~1200 stars per cluster)

Exposures: 2h to reach S/N ~ 50 at V=18

Total Project Time: 5 nights (4 fields/night)

Velocity Precision: 1 km/sec (V=18)

Spectral Resolution: R ~ 10,000 

Sky Subtraction: 1% or better at V=18

Nod&Shuffle: Desireable

Dynamical Evolution and the Bottom of the Star Forming Mass Function: 

Surveys of young, nearby stars clusters have revealed that the star formation process seems to make objects as low in mass as several Mjup, blurring the traditional “demarcation” line between planets and brown dwarfs. Theoretical models (Boss 2002) indicate cloud fragmentation can make objects as low in mass as 0.5Mjup when the effects of magnetic fields are included. The bottom line, however, is that our theoretical understanding of the fundamental quantities like “the smallest mass object that star formation can make” and “what is the difference between a planet and a brown dwarf” is being completely driven by new observations. 

Surveys however have to deal with the problem that low-mass cluster members diffuse faster into the field. Observation of cluster mass functions as a function of radius from the cluster is vital to disentangling mass segregation effects from intrinsic formation effects. To date most work has targeted the Pleiades and Orion – extension to a more representative set of clusters, and proper exploration of large areas in those clusters to examine their dynamical evolution is critical.

Due to dust obscuration, very young clusters (<10Myr) can only really be observed in the infrared. Intermediate age clusters, however, can be tackled in the optical and AAOmega’s wide field and ability to target faint objects will give it a unique niche. R~5000 S/N~20 spectra should give radial velocities to clarify membership and also spectral types to assign masses.

Suitable clusters (d<400pc, <200Myr): IC2391, IC2602, Blanco 1, NGC2232, Collinder 140, NGC2451, NGC6475, Melotte 186

Target Density: 20-100/sq.deg. at I~20-21 (ie L-dwarfs in these clusters)

Number of Fields: 6 fields/cluster at differing radii for 8 clusters, ~50 total fields

Exposures: ~4h per field (with Nod&Shuffle) for S/N~20 at I=21

Total Project Time: 25 nights (2 fields/night)

Wavelengths: 600-900nm essential, <500nm useless.

Velocity Precision: 2-4 km/sec
Spectral Resolution: R>4000 essential for good sky subtraction in IR.

Sky Subtraction: 0.1% required because of faint targets and large number of 

OH lines in the red.

Nod and Shuffle: Required because of 0.1% sky subtraction demand

Lithium aging of intermediate age stellar clusters:  

Detection of the threshold magnitude at which Li appears in the photospheres of low-mass stars, provides a robust method of aging young clusters which is completely independent of traditional CMD-fitting evolutionary techniques.

Suitable clusters: (d<1kpc, <500Myr): ~20

Target Density: 20-100/sq.deg. at R~20-22 (varies with cluster age and distance)

Number of Fields: 1 field/cluster

Exposures: 4-16 hr per cluster (with Nod&Shuffle). S/N~20 required at 670.7nm

Total Project Time: 30 nights

Velocity Precision: Not critical

Wavelengths: 600-800nm.

Spectral Resolution: R>7000 essential to detect EW~0.2A absorption features at 6707A

Sky Subtraction: 0.1% required because of faint targets and large number of OH lines in the red.

Nod and Shuffle: Required

AAOmega IFU
The AAOmega IFU will permit spectroscopy at R<13000 over a field of view of 11”x22” with 0.7” per element sampling. The AAOmega IFU comes at insignificant cost, via the combination of the planned AAOmega MOS spectrographs, and the existing SPIRAL IFU feed.

It will provide most of the functionality currently provided for single object spectroscopy by the RGO Spectrograph (R=1000-5000, 3.4’ long slit) following the RGO’s decommissioning in 2004. This is seen as being the IFU’s “core functionality” goal. The IFU will, of course, also enable new science over and above that provided by the RGO spectrograph.

However, because the IFU does not drive the Scientific or Functional Requirements of the AAOmega spectrographs, its science case is only summarized here.

RGO Science with the AAOmega IFU

RGO Observing Mode
 Possible with AAOmega IFU?
    Comments

Long Slit (< 3.4’)
No
IFU 11” x 22”

Short Slit
Yes


Spectropolarimetry
Possible (with specpol as            separate project)


Spectrophotometry
Yes
Demonstrated with the SPIRAL IFU

Time Series
Not currently envisaged
Depends on AAO-2 controllers

Use both 25 + 82cm cameras, giving two different setups
No
Not commonly used with RGO

FORS + RGO (giving simultaneous red+blue)
Yes
Decommissioned with RGO

With Aux CCD
No
Partly addressed via IFU image reconstruction

Decommissioned with RGO

Note that sky subtraction with the AAOmega IFU will routinely be done using Nod&Shuffle.  Nod&Shuffle has been shown with the SPIRAL IFU to give Poisson-limited sky subtraction.

New IFU Science with the AAOmega IFU

The AAOmega IFU will have a substantial role to play in understanding nearby galaxies, both by measuring kinematics and stellar populations.  Kinematics can be divided further into absorption and emission line kinematics.  The main competition at present from 4m instruments are SAURON (WHT) and OASIS (CFHT). The AAOmega IFU will be most competitive for applications where high spectral resolution, blue performance, and number of spectral pixels are important.  It is not as competitive where high spatial resolution or number of spatial pixels are important.  The competition from 8m IFUs are FLAMES/ARGUS and VIMOS/IFU on the VLT.  The sizes and spectral resolutions are 7”x4”/11”x7” and R=11,000/33,000 for ARGUS and 54”x54”, R=250 or 27”x27”, R=2500 for VIMOS.  Thus, there is still a niche for the AAOmega IFU with its intermediate field of 11”x22” and spectral resolution R~13,000.

For studies of nearby galaxies, IFU observations are required for obtaining detailed, two-dimensional information on the kinematics, ages, and abundances.   Of special interest:

· Stellar kinematics where high spectral resolution is required, which means in comparatively low velocity dispersion systems.  For example, study of the Fundamental Plane of dwarf galaxies.

· Emission line kinematics, e.g. looking at spatial variation of line ratios

· Spatially resolved stellar population studies where a wide wavelength range and blue coverage are important; e.g. study of shell ellipticals.

It would be desireable to reach surface brightnesses comparable to sky (~23 mag/sq arcsec in B).

Other possible IFU science could include:

· ISM ionization and kinematics (Galactic HII regions, PNe, SNRs, YSOs)

· Targets with complex backgrounds (SNe, LMC/SMC, Galactic Plane)

· IFU will also enable the possibility of spectro-polarimetry with the AAOmega spectrographs. However, this is not seen as a core part of the AAOmega project, and upgrade of the Cass polarimetry modules and their control will only be considered as a future project, separate from AAOmega. 

Science Requirements Summary


Requirements


Velocity

      Precision
NS
Target
Density
(deg-2)
((((
(
(nm)
Sky

Subtraction

Galactic Inner Halo
     1 km/s (V=17)

3-5 km/s (V=17-20)
 D
   30
10000
390-900
1% or better

Galactic Outer Halo
     1 km/s (V=17)

3-5 km/s (V=17-20)
 D
10-20 
10000
390-900
1% or better



Galactic Thick Disk
     1 km/s (V=17)
 N
    70
10000
390-900
    1-2%

Galactic Bar
  0.5-1 km/s (V=17)
 N
>300
10000
390-900
    1-2%

Galactic Bulge
     1 km/s (V=17)
 N
>300
10000
390-900
    1-2%

Thin/Thick Disk 

       Edge      
     5 km/s (V=20)
 D
 3000
10000
390-900
1% or better

Galactic Globular

     Clusters
   1-2 km/s (V=18)

3-5 km/s (V=18-20)
 D
>1000
10000
390-900
1% or better



Intracluster Pne
        25 km/s
 N   
  360
10000
480-520
    NCR

2dFGRS LRG
       100 km/s
 Y
  100
 1300
390-950
   0.1%

2dFGRS Stellar  

   Populations
          NCR
N
  170
 3500
390-900
    1%

Deep QSO
      100 km/s
Y
  200
 1300
  >370
   0.1%

QSO Abs
       30 km/s
N
   40
10000
  >370
    1%

Local Group
  1-2 km/s (V=19)
D
 >300
10000
390-900
1% or better

Young Cluster CMD
   1 km/s (V=18)
D
 >100
10000
390-900
1% or better

Clusters – MF
      2-4 km/s
Y
20-100
>4000
600-900
    0.1%

Clusters – Li
         NCR
Y
20-100
>7000
600-800
    0.1%

NCR – not critical requirement

D-- Desireable
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� This requirement is calculated as follows.  In dark, Vsky= 21.5 mag/arcsec2, or V=20.25 in the 2” fibre.  For Vobj=20, the in-fibre mag is 20.5 (for 1.5” seeing, 2.0” fibre).  Thus, sky and object are comparable.  We want the residual sky to be comparable to or a few times smaller than the object +sky noise.  For 1% sky subtraction, the sky residuals are 1.5% of the object flux, or ~3 times smaller than the noise for a S/N=20.  In gray , Vsky= 20.5 mag/arcsec2 (V=19.25 in fibre).  For 1% sky subtraction, the sky residuals are 3.2% of the object flux, or ~1.5 times smaller than the noise for a S/N=20.


� JBH believes Nod&Shuffle is essential for RVs at V=20 since zodiacal+moonlight is stellar in appearance and must be removed to better than 1% to have any chance of reaching a few km/s.
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		DBSS throughput_3

		Based on DBSS_throughput_2. Change red CCD to EEV

		Process Will's low disp VPH curves

		to get on standard wavelength grid. Data from email 10/12/01 in 'VPH_develop'. Notes 3/2/02 in Optics Schmidt

																interpolate

				500 l/mm		565 l/mm										500 l/mm

				12 um,		13 um										12 um,

		l		0.02		0.015						l				0.02

		350		0.453		0.597						370				0.561

		400		0.723		0.78						400				0.723

		450		0.837		0.842						450				0.837

		500		0.908		0.814						500				0.908

		550		0.84		0.722						550				0.84

		600		0.757		0.6						600				0.757

												650

												700

												750

												800

												850

												900

												950

												1000

		QE data for red EEV CCD

		Read from plot provided to Terry Bridges by Paul Jorden

		l		mm on		QE

				plot: 1=

				95.9

		370

		400		36		0.3753910323

		450		53		0.5526590198

		500		70.2		0.732012513

		550		79.1		0.8248175182

		600		85.2		0.8884254432

		650		89		0.9280500521

		700		90		0.9384775808

		750		89		0.9280500521

		800		84.8		0.8842544317

		850		71.5		0.7455683003

		900		52.9		0.5516162669

		950		31		0.3232533889

		1000		13		0.1355578728

		Blue arm

																		Zemax transmission						Correct all				Reduce

														Seeing				from PG using				Sol-gel		air-glass to		Dichroic		PG mirrors		Obscuratn		Obscuratn

										corrector		Atm+t/sc		Losses		fibre		BK7 field flattener				loss redn		MgF2		reflection		from 3 to 2		on axis		edge fibre		spectrogr		VPH				EEV2		Total

				1.2 airmass				Secd'y		glass*coat				1.5" seeing		(30 m)						factor		+ Sol-gel										(w/o fibre)		500 l/mm		VPH_722				500 l/mm

		l		Atmos		Primary		Obstruct						point source				I MgF2		I .99…99														(on axis)

		370		0.5248074602		0.834		0.84		0.728222		0.2677374556		0.65		0.61		0.687		0.837		1.1		0.672		0.9976839		1.0570377574		0.785		0.74		0.5563170806		0.561		0.825		0.75		0.0248484236

		400		0.6309573445		0.85		0.84		0.8379		0.3774769195		0.65		0.729		0.712		0.842		0.8527131783		0.7311472868		0.998756		1.0570377574		0.785		0.74		0.6059327572		0.723		0.9068		0.86		0.0673895362

		450		0.7726805851		0.86		0.84		0.863485		0.4819839038		0.65		0.83		0.740		0.843		0.3875968992		0.8030775194		0.9992834		1.0570377574		0.785		0.74		0.665895836		0.837		0.9259		0.87		0.1260883593

		500		0.8317637711		0.87		0.84		0.88907		0.5404238346		0.65		0.885		0.763		0.842		0.2965779468		0.8185703422		0.998624		1.0570377574		0.785		0.74		0.6782942917		0.908		0.8651		0.84		0.1608327245

		550		0.8511380382		0.88		0.84		0.880277		0.553836167		0.65		0.92		0.775		0.843		0.3765690377		0.8173933054		0.9948113		1.0570377574		0.785		0.74		0.674732988		0.84		0.759		0.82		0.1539244388

		600		0.8669618758		0.89		0.84		0.871484		0.5648442483		0.65		0.941		0.776		0.841		0.3829787234		0.816106383		0.0246023		1.0570377574		0.785		0.74		0.0166602933		0.757		0.6234		0.8		0.0034857818

		650		0.8830799004		0.88		0.84		0.857806		0.5599523064		0.65		0.957		0.775		0.842		0.3497942387		0.818563786		0.0228234		1.0570377574		0.785		0.74		0.015502189				0.4853		0.75		0

		700		0.8928941961		0.87		0.84		0.844128		0.5508163777		0.65		0.97		0.771		0.843		0.30859375		0.82078125		0.0181454		1.0570377574		0.785		0.74		0.012358169				0.3603		0.7		0

		750		0.9036494737		0.86		0.84		0.844128		0.5510437025		0.65		0.97		0.764		0.843		0.2572463768		0.8226775362		0.0194693		1.0570377574		0.785		0.74		0.0132904637				0.25		0.65		0

		800		0.9145343031		0.85		0.84		0.844128		0.5511965847		0.65		0.97		0.757		0.843		0.2295081967		0.8232622951		0.0215125		1.0570377574		0.785		0.74		0.0146956658				0.1618		0.53		0

		850		0.9255502448		0.86		0.84		0.844128		0.5643987504		0.65		0.97		0.750		0.842		0.2123076923		0.8224676923		0.0241559		1.0570377574		0.785		0.74		0.0164855039				0.0952		0.4		0

		900		0.9358365436		0.88		0.84		0.844128		0.5839427414		0.65		0.97		0.743		0.842		0.2011494253		0.8220862069		0.0258597		1.0570377574		0.785		0.74		0.0176400983				0.0492		0.27		0

		950		0.9462371614		0.9		0.84		0.844128		0.6038514336		0.65		0.9		0.736		0.841		0.204359673		0.8195422343		0.0242399		1.0570377574		0.785		0.74		0.0164839892				0.0202		0.17		0

		1000		0.954992586		0.93		0.84		0.844128		0.6297534289		0.65		0.97		0.730		0.841		0.2087628866		0.8178273196		0.0229663		1.0570377574		0.785		0.74		0.0155852153				0.0053		0.06		0

		1.2 airmass atmos is from mag_scales Excel. Based on extinction values for Siding Spring Obs, from ring NB. Only UBVRI, interpolated/extrapolated

		Primary is plain Al reflectivity, from Allen AQ (optics Excel, in ref_data)

		Corrector glass*coating is from 'Throughput', based on I Lewis data for 2dF corrector/ADC. Is interpolated/extrapolated from his data

		Fibre from 'Throughput' xls - from curves from Ian Lewis - for 30 m

		PG results from his Excel sheet 'DBSS_transmissions, printed 9/8/01 - use the BK7 field flattener (better tx in blue)

		Sol-gel loss reduction factor from Damien_cam_trans_2 (actually copied from coll_new_204_trans)

		Dichroic data from Joss, is in 3070106-04_theoretical_data.xls

		VPH 500 l/mm is from above, =Will's Gsolver output for a low dispersion grating

		EEV2 DQE from other 'throughput' sheet

		PG results included dichroic as 1 of 3 mirrors, at R=0.94604. But is actually much better so remove it, and use Joss's values

		Total 500 l/mm is (atmos+ t/sc)*fibre*sgr on axis*VPH 500 l/mm*EEV2 QE

		TJB/8 Aug 2002: have included seeing losses 0.65.  Using my code for 1.5" median seeing, 2.0" fibre, 0.3" centering errors

		Added secondary obstruction of 0.84 transmission, taken from Joss's spreadsheet for 1m cross section of 2dF centre body

		Have modified fibre throughput to 90% at 950 micron (from COD fibre curve)

		9-Aug-02

		Adjusted the blue CCD to reflect the EEV actually delivered.										ered.  Put in the camera obstruction of 25%						tions determined by GAS/WILL

																Throughput - DBSS blue arm

																												Plot wavelength range limits for 500 l/mm

																												grating

																												386		0.12

																												386		0.18

																												386		0.15

																												590		0.15

																												590		0.18

																												590		0.12

		Red arm

																		Zemax transmission						Correct all

																		from PG using				Sol-gel		air-glass to				Remove				Obscuratn		Obscuratn

								Secnd'y		corrector		Atm+t/sc		Seeing		fibre		BK7 field flattener				loss redn		MgF2				1 Al mirror		Dichroic		on axis		edge fibre		Spectrogr						VPH		MITLL3		Fairchild		Red EEV		Total

				1.2 airmass				Obstruc		glass*coat				Losses		(30 m)						factor		+ Sol-gel		Enhanced				tx						(on axis)		VPH_720		VPH_1020		425 l/mm		160K		CCD				VPH 425

		l		Atmos		Primary												I MgF2		I .99…99						Ag mirror										(no fibre)						from Will								Red EEV

		370		0.5248074602		0.834		0.84		0.728222		0.2677374556		0.65		0.61		0.676		0.875		1.1		0.6561		0.908		1.0570824524		0.0001582		0.785		0.74		0.0000782061		0.095657		0.222				0		0.61				0

		400		0.6309573445		0.85		0.84		0.8379		0.3774769195		0.65		0.729		0.715		0.889		0.8527131783		0.740627907		0.915		1.0570824524		0.0012441		0.785		0.74		0.0006996083		0.090444		0.0787				0.18		0.68		0.3753910323		0

		450		0.7726805851		0.86		0.84		0.863485		0.4819839038		0.65		0.83		0.752		0.890		0.3875968992		0.8365116279		0.962		1.0570824524		0.0007166		0.785		0.74		0.0004785225		0.213353		0.0049				0.444		0.76		0.5526590198		0

		500		0.8317637711		0.87		0.84		0.88907		0.5404238346		0.65		0.885		0.780		0.889		0.2965779468		0.8566730038		0.977		1.0570824524		0.001376		0.785		0.74		0.000955667		0.429208		0.0635				0.613		0.82		0.732012513		0

		550		0.8511380382		0.88		0.84		0.880277		0.553836167		0.65		0.92		0.792		0.890		0.3765690377		0.8530962343		0.979		1.0570824524		0.0051887		0.785		0.74		0.0035959844		0.641938		0.3092		0.816		0.73		0.9		0.8248175182		0.0008015827

		600		0.8669618758		0.89		0.84		0.871484		0.5648442483		0.65		0.941		0.792		0.888		0.3829787234		0.8512340426		0.98		1.0570824524		0.9753977		0.785		0.74		0.675204467		0.795293		0.6125		0.888		0.806		0.93		0.8884254432		0.1840352227

		650		0.8830799004		0.88		0.84		0.857806		0.5599523064		0.65		0.957		0.789		0.890		0.3497942387		0.8546707819		0.98		1.0570824524		0.9771766		0.785		0.74		0.6791668999		0.872351		0.8595		0.888		0.859		0.92		0.9280500521		0.194956271

		700		0.8928941961		0.87		0.84		0.844128		0.5508163777		0.65		0.97		0.782		0.891		0.30859375		0.8573632813		0.98		1.0570824524		0.9818546		0.785		0.74		0.6845680957		0.890807		0.9715		0.868		0.869		0.91		0.9384775808		0.1936654807

		750		0.9036494737		0.86		0.84		0.844128		0.5510437025		0.65		0.97		0.772		0.891		0.2572463768		0.8603876812		0.98		1.0570824524		0.9805307		0.785		0.74		0.6860566454		0.871252		0.9342		0.808		0.861		0.88		0.9280500521		0.1787367555

		800		0.9145343031		0.85		0.84		0.844128		0.5511965847		0.65		0.97		0.762		0.891		0.2295081967		0.8613934426		0.98		1.0570824524		0.9784875		0.785		0.74		0.6854273653		0.835173		0.7724		0.732		0.825		0.78		0.8842544317		0.1541847335

		850		0.9255502448		0.86		0.84		0.844128		0.5643987504		0.65		0.97		0.752		0.890		0.2123076923		0.8607015385		0.98		1.0570824524		0.9758441		0.785		0.74		0.6830265979		0.779332		0.5505		0.655		0.76		0.65		0.7455683003		0.118696383

		900		0.9358365436		0.88		0.84		0.844128		0.5839427414		0.65		0.97		0.743		0.890		0.2011494253		0.8604310345		0.98		1.0570824524		0.9741403		0.785		0.74		0.6816197612		0.715274		0.3261				0.586		0.5		0.5516162669		0

		950		0.9462371614		0.9		0.84		0.844128		0.6038514336		0.65		0.97		0.734		0.889		0.204359673		0.8573242507		0.98		1.0570824524		0.9757601		0.785		0.74		0.6802879211		0.638452		0.1493				0.361		0.37		0.3232533889		0

		1000		0.954992586		0.93		0.84		0.844128		0.6297534289		0.65		0.97		0.726		0.889		0.2087628866		0.8549716495		0.98		1.0570824524		0.9770337		0.785		0.74		0.6793066306		0.554594		0.0419				0.159		0.21		0.1355578728		0

		Columns atmos through fibre as from ble arm data above

		Dichroic is included in PG data as 2 air-glass, so gets converted to 2 MgF2+sol-gel - OK?

		Dichroic is also included in tx (data from Joss -file as above)

		Enhanced Ag mirror from Optosigma data - in ref data

		Spectrograph =PG's data, corrected to Sol-gel+MgF2, with one Al mirror (camera) removed and replaced by enhanced Ag, * dichroic * obscuration on axis

		VPH_720 and VPH_1020 from other 'Throughput' xls

		VPH 425 l/mm from Will: see email 10/12/01. It has d=15um, dn=0.02, used at 8.2 deg

		Red EEV is QE from table above, data from Terry/Paul Jorden

		Total 425 l/mm is (atmos+ t/sc)*fibre*sgr on axis*VPH 425 l/mm*red EEV QE

						Throughput of components and total - red arm

																												Plot wavelength range for 425 l/mm grating

																												Revise it :		f/1.3 range

																												530		0.12

																												530		0.18

																												530		0.15

																												819		0.15

																												819		0.18

																												819		0.12
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