Overview of
Integral Field Unit
« .technigues

. " |
Eric Emsellem .



Thanis...

# Roland Bacon (MUsE)

# Matt Bershady (iIFus)

& Scott Croom (SAMI)

# Niranjan Thatte, Ryan Houghton (HARMONI)

s Kevin Bundy, Niv Drory, Nick MacDonald (MaNGA)
s Pierre Ferruit (JWST, NIRSpec)

s Sebastian Sanchez (califa)

s Davor Krajnovic (SAURON, MUSE)

& Suzanne Ramsay (KMos)

Also to Richard McDermid, James Turner, Jeremy Allington-Smith




A mature freld ?

- Use 3D for science, not as a goal [2009]

n Labelled papers (“3D spectro of NGCXXX”)
~ Used in conjunction with other facilities [ tools

~ Multi A, Multi facilities science
# Imaging + 2Ds + 3Ds + ...
n A-coverage is ESSENTIAL
s Space + Ground-based
# Modelling, simulations




A mature tecihnology?

A Yes

s~ More systematic use of IFUs
s Expertise is better distributed
s Fast diversification of instruments

+ NO

~ Still seen as a specific label (3D”)
~ Still getting specific requests as “IFU expert”

~ Fast Diversification of instruments
> Many different technologies
> new challenges
> Innovations




Futung 3D onto-a 2D detector

Sampling the data cube: volumes
sampled by equal detector elements
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_____________ curved)
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How to- maqp 3D on 2D

Focal Spectrograph Spectrograph
Plane Input Output
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© Allington-Smith, adapted by Westmoquette et al.




The TIGER concept: The trick

Uniform illumination at the
entrance of the array

The array samples the field
and focus the light into micro-

pupils

The array is rotated to avoid
overlapping between the
spectra

The micro-pupils are dispersed
via a classical spectrograph

A filter limits the Y range




How- u the 3D Wmmwpwb?
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® Example: SAURON mask " 3

<+ Flexures: needs reference expo
< Critical blends

01

0861

< Sampling of the spectral PSF

- Detailed optical model: - 8.0 W i
To know where each x,y,A lie on the CCD !

— Integrated profile
— — Profile fit
------- Fit components

Integrated cross-dispersion profile & of the geometrical
micropupil (solid line) and its fit (dashed line) with three Gaussian E
functions (dotted lines ). 50 0 50

:
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Mucrolens + Flbre

Relayed pupit
Pupit image image \
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Sky image
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to spectrograph
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Allington-Smith & Content ‘98

3D




MlRl )WST

Image Slcer

NIR Slicer (5-30 um) : MIRI
Pros:

> Compact design

> High throughput

> "Easy” cryogenics
Cons:

> Difficult to manufacture

spectral dimension

16 x 25 pixel detector array




The MUSE / VLT Sleer




~ Lenses and Fibers:

<+ The spatial and spectral information are decoupled on the CCD
=» Each spectrum (x,y, for all 1) is a separate entity
~ Slicers:

< Spatial & spectral information entangled as in long-slit spectroscopy
=» Spatial dimensions x’ and y’ are not equivalent
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Specifie Information Density

Objective comparison independent of scale

=z (7m)
L. =
# resolution elements 4d* \ fa M? .
o (1 S ) |2 25\*1
0 NNy @i (L) [ )]
o ?7 _n 1 . fa
/ N{LﬁNy QS— 4 |:2 (1 /_Ne)]
throughput  # detector pixels n fe \17°
o1+ )
example d Ngr M 9 fe @Q/Qmax

Lenslet array SAURON(5) 52 1600 0.16 0.7 1 0.02
Fibre system  GMOS-IFU(2)? 5.5 1500 - 06 4 0.11
Image slicer ~ GNIRS-IFU(4; 13) 1 700 - 08 4 0.68
Micro-slicer MEIFU(8)? 15x51 ~10% 029 0.7 3 0.26

© Allington-Smith




Best technigue?

lenslets _ ;
fibres H .

slicers -
microslicers E 1 | |

0.0 0.2 0.4 0.6 0.8 1.0

Q/ Qo

=» Slicers .... but difficult to make

© J. Allington Smith




Fibers

Table 1. Fiber Integral Field Instruments

Instrument  Coupling Telescope Dy Q dQ2 Ny AXA R Np ¢
Method (m) (arcsec®) (arcsec®)
Existing Optical Instruments
DensePak fiber WIYN 3.9 9640 6.2 91 1.02 1000. 1024 0.04
WIYN 3.5 564. 6.2 91 007  13750. 1024 0.04
WIYN 3.5 0564. 6.2 91 0.04  24000. 1024 0.04
WIYN 3.5 119. 1.3 91 1.02  1000. 1024 0.04
WIYN 3.5 119. 1.3 91 0.07 13500. 1024 0.4
WIYN 3.5 119. 1.3 91 004  24000. 1024 0.4
SparsePak  fiber WIYN 3.5 14170 17.3 82 1.02  800. 819 007
WIYN 3.5 1417 17.3 82 007 11000. 819 0.07
WIYN 35 1417 1.3 89 003 24000 819 007
PPak fiber Calar Alto 3.5 2070.0 5.64 367 0.15 7800.0 1183 0.15
INTEGRAL fiber WHT 42 326 0.159 200 022 2350. 515
WHT 42 326 0.159 200 094 550. 515
WHT 42 1393 0.64 219 022 2350. 515
WHT 42 1393 0.64 219 094  550. 515
WHT 42 T773. 5.73 135 007  2350. 300
WHT 4.2 T773. 5.73 135 090  550. 300
Future Optical Instruments
VIRUS fiber HET 9.2 32604 1.0 32604 0505 811, 410  0.16

Existing Near Infrared Instruments

GOHSS fiber TNG 3.6 442 1.77 25 012  4380. 3512 0.13

Future Near-Infrared Instruments

© Bershady




Fibers + Levnslets

Table 2. Fiber+Lenslet Integral Field Instruments

Instrument. Coupling Telescope Dy 0 d Ng AMA R Ngx €
Method (m) (arcsec®) (arcsec®)
Exiting Optical Instruments
PMAS lenslet+fiber Calar Alto 3.5 64. 0.5 256 0.11 S400. 1000 015
Calar Alto 3.5 64 0.5 256 0.52 1930. 1000 0.15
Calar Alto 3.5 144. 0.75 256 0.11 S400. 1000 0.15
Calar Alto 3.5 144 0.75 266  0.52 1930. 1000 0.15
Calar Alto 3.5 256. 1.0 256 0.11 S400. 1000 0.15
Calar Alto 3.5 256. 1.0 256 0.52 1930. 1000 0.15
SPIRAL-B lensglet=fiber AAT 3.9 251 0.49 512 0.29 1700. 495 fas
AAT 3.9 25l 0.49 512 0.07 7500. 195 ces
MPFS lenslet+fiber SAQ 6.0 256. 1.0 26 0.12 SR00. 1024 0045
SAO 6.0 64 0.25 256 047 2200. 1024 0045
lenslet+fiber Gemini 3 0.04 1500 0.21 JA50. T730.
Gemini 8.0 49.6 0.04 16500 0.32  2300.  730.
Gemini 80 496 0.04 1500 0.82 &X). T730.
Gemini 8O 248 0.04 750  0.42 3450. 1460).
Gemini 80 496 0.4 150 0.64 2300. 1460.
Gemini 80 496 0.04 1500 1.00 &X). 1460.
VIMOS lensglet+fiber VLI 8.0 2016. 0.45 6400 0.6 250. 150
VLT 8.0 GO8. 0.11 6400 0.6 250. 150
VLT 8.0 T20. 0.45 1600 0.2 2500. 500
VLT 8.0 1745 0.11 1600 0.2 2500. 500
ARGUS/IFU lenslet+fiber VLT 8.0 &1.9 0.27 315 0.106 11000. 1155
VLT 8.0 &39 0.27 315 0.042  39000. 1625
ARGUS lenslet=fiber VLT 8O 217 0.09 315 0.106 110(x). 1155
VLT 80 217 0.09 315 0.042  39000. 1625

Future Optical Instruments

Exiting Near-Infrared Instruments

COHSI lenslet+fiber UKIRT 38 .. ‘e 100 0.26 500 128

SMIRFS lenslet+fiber UKIRT 38 242 0.3 72 0.023  5500. 128

CIRPASS lenslet+fiber Gemini 8.0 515 0.13 490 041 2500. 1024
Gemini 80 55 0.13 490  0.085  12000. 1024
Gemini 80 270 0.06 190 041 2500. 1024
Gemini 8.0 27.0 0.06 490  0.085  12000. 1024

Future Near-Infrared Instruments

© Bershady




Image Slcers

Table.3 Slicer Integral Field Instruments

Instrument Coupling Telescope Dr dQ Ne AMXA R Nr ¢
Method (m) (arcsec?) (arcsec?)
Existing Optical Instruments
ESI shicer Keck 10.0
Future Optical Instruments
WiFeS slicer ANU 2.3 775 1. 775 103 3000. 3090
ANU 23 775. 1. T 044 7000. 3090
S i Magellan 6.5 -
MUSE advanced-slicer VLT 8.0 3600 0.4 et 0.67 3000 2000 024 |
Existing Near-Infrared Instruments
PIFS slicer Palomar 5.0 51.8 045 115 023 550. 128 0.22
Palomar 5.0 51.8 0.45 115 010 1300. 128 0.22
GNIRS advanced-slicer Gemini 8.0 15.4 0.023 684 0301 1700. 512 ...
Gemini 80 154 0,023 3 ;
| SPIFI slicer VLT 8.0 0.54 0.006___ 1024 :
VLT 8.0 10.2 0.001 1024 0.34 3000. 1024 03
VLT 80 64.0 0.06 1024 034 3000. 1024 03
NIFS advanced-slicer Gemini 8.0 9.0 0.01 900 019  5300. 1007 .-
Future Near-Infrared Instruments
[_KMOS advanced-slicer VLT 8.0 1880  0.04 4204 028 3600. 1000 |
FISICA/FLMINGOS advanced-slicer GTC 10.4 72.0 0.53 136 079  1300. 1024
Future Optical-Near-Infrared Space-Based Instruments
NIRSpec advanced-slicer JWST 6.5
MIRI advanced-slicer JWST 6.5
SNAP advanced-slicer SNAP 2

© Bershady



Lenslets

Table 4. Lenslet Integral Field Instruments

Instrument Coupling Telescope Dr df2 Ne AAMX R Nr
Method (m) (arcsec?) (arcsec?)
Existing Optical Instruments
SAURON  lenslet WHT 4.2 1353 (.88 1577 011  1213. 128
WHT 42 99 0.07 1577 010 1475, 150
OASIS lenslet WHT 42 192 0.002 1100 050  1000. 40
WHT 42 310 0.026 1100 0.50  1000. 400
WHT 42 180. 0.17 1100 0.50 1000. 400

Future Optical Instruments

Existing Near-Infrared Instruments

OSIRIS lenslet Keck 104 12 0.02 3000 012 3400. 400
Keck 104 30. 0.10 3000 012 3400. 400
Keck 104 03 0.02 1019 047 3400. 1
Keck 104 7.5 0.10 1019 047 3400. 1

Future Near-Infrared Instruments

© Bershady




Opticol/ Neor Infrored spectroscopy

~ Resolution

> Spectral = Shannon (Nyquist)

— Usually FWHM or o
> Spatial but which SPAXEL geometry? < > Q

— Usually FWHM or o

~ Sampling # Resolution

> Sparse or Continuous
= Example : VIRUS




LR SRR T OASIS - WHT
-6 —4 -2 0 2 4 6

¢ Variations in spectral PSF across field
** Need to homogenize before merging
** Can be measured using e.g., twilight sky







Name

TIGER

OASIS

SAURON

GMOS

VIMOS

SINFONI (NIR + AO)

OSIRIS (NIR+AO)
MUSE

VIRUS—HET

IFU exrolvfron

Year

1987

1997

1999

2001

2002

2005

2005

2008

N spatial
572
1,200
1,577
1,500
6,400
2,048
1,019
90,000

34,500

N spectral

270
360
540
2,048
550
2,048
2,048
4,096

2,048

N total
154,440
432,000
851,580

3,072,000
3,520,000
4,194,304
2,086,912
368,640,000

70,656,000



Survival of the futtest:
An unteresting example

~ JWST

>

¥

6.5m telescope (25 m?)

0.6-29 um coverage

0.1 arcsec resolution or better
operating temperature < 50° K

5-10 years lifetime

Launch 2018 - 1.5 Mkm orbit at L2

» Science mission
o first light
o galaxy assembly
o birth of stars and proto-planets
o planetary systems / origins of life

» Instruments
o NIRCam

o NIRSpec
o NIRISS
o MIRI




JWST survuwvors...
~ An IFU In space

> Already in use for military purposes (FTS, and also in climatology)

> Optical device initially thought as a good technology for space

~ Deep-field spectroscopy

> Large field of view and large multiplexing capability

= “Ala MUSE" (advanced slicer)




JWST survuwvors...
~ An IFU In space

> Already in use for military purposes (FTS, and also in climatology)

> Optical device initially thought as a good technology for space

~ Deep-field spectroscopy

> Large field of view and large multiplexing capability

= “Ala M nced slicer)

(+ NIRISS: slitless spectroscopy)




JWST swrvivors...

~ Spatially resolved spectroscopy of individual objects

> NIRSpec and MIRI
=>» NOT Science driven technology?
=>» Slicer approach

the 1 kg = $ 1M principle

—> cost + technical readiness




Dedicoted lnstruments ?
SAURON
> Fast, cheap and good (really??):
— Good marketing principle

- But hard to implement
= Need for a good software

[and a few patient astronomers]

|
|

Micropupil | Continuum

Arc Galaxy
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Validation

Compariung dotfosets
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Bulding of anguwlor momentum

0.8 Emsellem, MC, DK et al., 2011 (P3)
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From ETGy to- Spurals
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- ® Centaurus Es/dEs: Misgeld+ 08 M|5g6|d & Hllker 2011 ]
: (!}Eentuu.ruu cE candidates: Misgeld+ 09 T :
= Hydra | Es/dEs: Misgeld+ 08 ]
A cE galaxies
- /% Coma cEs: Price+ 089 |
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stellar mass [M_]

~ Can we also cover
Spirals?

~ Can we go beyond 1
effective radius ?
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Go Brood

Mowwma Exomple: NGCa936

5

< 22 fields (37 expo)
covering the full bar

< « Aligned » using HST
images and faint field
stars and star clusters



Mosaicing Example: NGCA36

Reconstructed Image

50

50

SAURON - WHT |

Emsellem / Jourdeuil
-

Mean Stellar Velocity




Fubers IFUy — goung owt

» Existing optical instruments on 3.5m telescopes: WIYN and Calar
Alto -- a lineage:

DensePak @ WIYN SparsePak @ WIYN PPak @ CAHA

90 x3”-fibers 82 x 5”-fibers 367 x 2.7”-fibers (65% filling)
27"x43” 70 x 70 arcsec 74”x64” arcsec

AMA ~ 14,500 AMA ~ 11,500 AML/A ~ 8000

Barden et al. ‘98 Bershady, Andersen et al.” 04 Kelz, Verheijen et al.” 05
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CALIFA — Set up
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=» Higher-z science

(individual targets)




‘Red & Dead’ Galayies ot z~2-3

Van der Wel et al. 2011

B/T=0.25 B/T=0.43 B/T=0.26 B/T=05
Rd=1.7kpc Rd=1.9kpc Rd=1.4kpc
Rb, eff=0.33kpc Rb, eff=0.58 kpc Rb, eff=0.34kpc

~ Hi-z ETGs are generally flattened — not spheroids




Stor-Formung Massve Galayxies
ot z~2-3

Elmegreen et al. 2008a

=» Galaxies characterised by massive clumps of SF




Adual1d143 oeqpas4 NS

HR-0-F1

HR-0-F2

HR-0-F3

Time | >

See Elmegreen / Bournaud’s papers (e.g., 2008)




> Nwobfo-r AO+IR IFUy onn 8-10m

Name F.0.V. Tip/Tilt | Off-axis
Ax: 0.17 | Rpag Distance

OSIRIS
(Keck) 4.8x6.4" | 18.0 <60"
NIFS
(Gemini) 3x3” 18.5 <25”
SINFONI

3.2x3.2" 18 <40”

(VLT)




Major Obstocles
Tip/tilt guide sources
~ EXxtended sources
~ Generally no AGN
~ Need steep central profile to use nucleus

Target selection

~ Need source catalogues that are both deep (R<18.5)
and good image quality

PSF Determination

~ Rely on 15 order estimates or model predictions

~ Possibility to reconstruct PSF from AO system (?)




A NIR slicer IFU witHe AO

+~ SINFONI: SPIFFI + MACAO, VLT 8m

- The power of near-infrared AO coupled to an image-slicing
spectrograph

- 32x32 element imaging field sliced into a 1024 element long-slit

— Field coverage of 8x8 and down to 0.8x0.8 arcsec

- JHK coverage at R = 2000-4000
Bonnet et al. ‘04, Iserlohe et al. ‘04

Two dimensional original on-sky image
159

ESO MACAO

Optical slicing of 'the on-sky image Newsletter
.o GRS - AT 5 5

Spectral dipersion of the sliced image
- -

. . W .
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Wavelengths

-

Figure 3: AD-Moduls first
light. The magnitude of the
star is ~11 in ¥V, the sesing
0.65 arcsec. The measured
Strehl is 56% (A - 2,186 pml.
The deplayed FOV = 0.5
arcsec, with a sampling of
15 ma/pixel.

Computer reconstruction of the 3D data cube Spectrum of each 2D pixel

‘4

Spatial in Y

gy

.

/ N\ ) 0
/ E
7
=l o | SPIFFI
Spatial in X Computer reconstructed image




SINFONI : Hre slicer

~ SPIFFI slicer: pupil mirrors are flat

Figure 2. The image slicer: The image sheing device used in SPIFF] consists of plane mirrors. The two dimensional
image (still containing hight of all wavelengths of the used observing band) is shced into thin stripes. called slitlets, which
are then lined up end to end to create a psendo long shit which is fed into the spectrometer. The small image slicer (B in
left Figure) 15 a stack of 32 plane mirvors with a thickness of 0.3mm each. The small image sheer (right Figure) cuts the
image into stripes and reflects them onto the hig image shicer (A) which consists of 32 plane mivers in two lavers: The
muarrors are tipped and tilted in & way that the telecentric entrance pupil is preserved. Both image slicer components are

monnted to o baseplate! (). All parts are of Zevodur and are optically contacted (without using anv glue)

Iserlohe et al. ‘04




Stor-Formung Massive Galaxies ot
z~2-35
Genzel et al. “11

Rotation Q Rotation v
. ZC406690

1.5

+140 @ -
2 " J‘ +90 i _:\::\ Z = 2. 1 9
§) I
- ]
1.8 . .
-100 H (04
7_7 170

0 Dispersion

"‘D 1!.‘

See the SINS/zC-SINF papers See also Gillessen,
Forster Schreiber, Pérou’s talks

~ Clumps are star-forming, showing outflows and
rotational self-support

~ Disks are much more turbulent than z=0 disk galaxies




But.. The need for 2 IFU scales

~ |FU crucial for robust derivation of Mbh - 2 scales important

~ 1) small scale = high spatial resolution IFU
> probing the BH sphere of influence
~ 2) large scale = moderate spatial resolution (Krajnovic et al. 2005)

> probing orbital structure of the host galaxy

SAURON + NIFS Large FoV only Small scale only

40enve eee o o o o o »

00 01 02 03 04 05
Mgy [10° Mg]

Krajnovi¢ et al. (2009)




Laser Guide Stor
IFU observations of galayies

~ Low probability for a suitable NGS (near the nucleus)

~ TWO options:

1) guide on the nucleus itself

- possible only for steep cuspy galaxies or AGN

2) use “seeing-enhancer” or “open-loop” modes
(e.g. with SINFONI@VLT and NIFS@GEMINI)

— suitable for core galaxies
~ What is the achieved resolution?

1) comparison with the higher resolution imaging (HST)

2) monitoring of stars between on-source observations




Whhat can be acihriened?

~ Typically

> FWHM of narrow Gaussian
~0.15-0.2”
> FWHM of broad Gaussian

~ natural seeing (0.8” - 17)

~ Strehl ratio : ~15% only

~ Encircled energy relatively high:

> 40 - 50% within 0.2,
> 90% within 17

~ Wings of PSF might not be well
constrained (Seth et al. 2010)

NGC2549
T

45[TTITTTT I T T T T

T[T T T T T T T TreeT
o NIFS

[}
Fologseee)
T I T T
L~ fwhm1 = 0.15 SINFONI
50— = fwhm2 = 0.8 —HST -
o fluxt =07 ~HST convol Ived
L flux2 = 0.3

A | Kracj)novi(': et al. (2009) ™~
. Krajnovic et al (in prep) |

0
R [urvselc]

Encircled
energy

--- NGC524 -
NGC2549

1 1 1
0.0 0.5 1.0 1.5 2.0



~ How to go ... DEEEEEEP in 3D

-

-

.

The next step: gow»g oLe,e/p/

Blind survey

Large field

Large spectral domain

High Stability

High Efficiency

Excellent Image quality (AO?)

= NEW generation IFU with discovery capabillities )

How to combine
the discovery capabilities of an imager

with the qualities of state-of-the-art spectrographs




3D Deep Flelds

Can we get everything at the same time ?
. No pre-imaging
. No pre-selection

. Attack multiple science topics

simultaneously
. Large discovery space
for serendipitous sources







MUSE/VLT
Scientifie design drivers
~ Enable very long integrations, up to ~100 hrs

> gravity-invariant system

> very few moving parts

~ Search for faint Lyman-a emitters uptoz= 6.7

> Good spectral resolution A/AA = 3000
> Red-sensitive up to 930 nm (-2 blue limit at 465 nm)
> High throughput - state-of-the-art coatings!

~ Benefit from Adaptive Optics:

> Wide Field Mode: GLAO (seeing improvement)
> Narrow Field Mode: High order AO in red optical




MUSE - nstrument Overview

. Integral Field Spectrograph

. Optimized for ESO AO Facility

but can run without AO

. Two modes only
WFM: Wide Field Mode

— 0.2 arcsec, 1x1 arcmin?

- Spatial resolution

. Non AO: seeing
. AO:0.3-0.4 arcsec

NFM: Narrow Field Mode
— only with AO
— 0.025 arcsec, 7x7 arcsec?

— Spatial resolution
. 10-20% Strehl ratio in | band

. Spectral characteristics

465-930 nm simultaneous
R~3000

. Data volume
400 106 pixels

90,000 spectra in one exposure




Laser guide stors (WFM)

~ 3" NGS search diameter

=

1'x1’ Science field "NGS WFS

-
‘ Elongated
LGS spot (4%)




Deformable Secondary Murror

e

DSM thin shell:
e 1120 mm diameter
e 2 mm thickness
* 1170 actuators

See e.g., https://www.eso.org/sci/facilities/develop/ao/sys/dsm.html




Astro. Scene Atmos. & AO Instrument
Simulations B | .imulations Numerical
Model
[Validation] '
Data o
Analysis ala
_ Software - Reduction
Tools System




g

Not a calibration problem!

................

GMOS - Gemini

=>» Charge Transfer Efficiency: difference between 2 CCDs
=>» Adding CCDs may lead to complex spatial + spectral variations

B .




What abowt..

Sparsely distributed
hglv redshuft torgets ?

=> Multiplexing
and add efficiency
and go NIR




Number of objects per 50 aremin’

40 60 80 100

20

Multiplew : how many torgets?

XMM LSS z=/

ERCs. K<21, R-K>5

EDICS z=0.8 cluster
=

Antennae Chandra sources
R

Siws’red z=2 2 line emitters
SCUBA to confusion limit

cluster

EROs, K <20 B-K =45
EROs, K<21,-K>43.J-K>2.3
-

SCUBA to Smdy

- -
SCUBA to BmdJy
I ] ] 1 : T | T I i I T i | i |

19 20 21
K(Vega) magnitude



KMOS

< NIR multi-IFU spectrograph <+ 0.2arcsec spatial sampling on-

% 24 integral field units sky

% IFU size: 2.8 x 2.8arcsec % 7arcmin patrol field

% Ability to place IFUS close

cee 0157 e;g.éj‘\:grp\es’ together (6arcsec)
ciros" \: ssef>5"°n . .
+ KM Grating name Wavelength range (um) | Spectral resolving power
1Z 0.779-1.079 3400
YJ 1.025-1.344 3600
H 1.456-1.846 4000
K 1.934-2.460 4200

HK 1.484-2.442 2000




Science B Technology Facilities Council

UK Astronomy Technology Centre




KARMA: wwft,ngwg the KMOS

Object: festfls

s - 0.02TE24e

¢ -01:08:

0445737

106,346

Hign: 1

Auto Set Cut Levels |

[ o -]
Z|z| ||




Image
slicer

H slit

Slicer
Array

2nd
Re-imaging

Mirror
L2
X

z
Intermediate

Re-imaging
Mirror

Field ®

Pupil Array

qst
Re-imaging

IFU module

AR
W Durham

University




Science Verufieation

First paper accepted :

Sobral et al., astro-ph/1310.3822
The dynamics of z=0.8 H-alpha-selected star-forming galaxies from KMOS/CF-HiZELS)

NEJ-CFHT- 1700
. =

™,
W atrmisimrs




Mapping 24 observations of R136.
[~ 40x60 arcsec?]

Views are

Top left: 2.1um continuum

Top right: Br-y

Bottom left: broad Hell in WR star



And now?

= Medium-size
(z~0) spectroscopic surveys




SAMI Science drivers

~ What are the physical processes responsible for galaxy
transformations?
> Morphological and kinematic transformations; suppression of star
formation; internal vs. external; secular vs. fast; ram pressure

stripping; harassment, strangulation; galaxy—group/cluster tides;
galaxy-galaxy mergers; galaxy-galaxy interactions...

~ How does mass and angular momentum build up?

> The galaxy velocity function; stellar mass in dynamically hot and cold
systems; galaxy merger rates; halo mass from velocity-field shear;
Tully-Fisher relation...

~ Feeding and feedback: how does gas get into galaxies,
and how does it leave?

> Winds and outflows; feedback vs. mass; triggering and suppression of
SF; gas inflow; metallicity gradients; the role of AGN...

> Important synergies with ASKAP HI surveys.




Sydmey-AAO Multi~object IFS
(SAMI)

~ 1 degree diameter FOV

" " The Sydney-AAQO Multi-object Integral-field t h
» 13 x 61 fibres IFUs using The Sydney-AAO Multl-object Integral field spectrograp
h exab u n d I eS Scott M. Croom'?*, Jon S. Lawrence®?, Joss Bland-Hawthorn®, Julia J. Bryant!,

Lisa Fogarty', Samuel Richards!, Michael Goodwin®, Tony Farrell?,

Stan Miziarski®, Ron Heald®, D. Heath Jones, Steve Lee®, Matthew Colless®?,
(B ryant’ B | an d - H aWth orn et al .) Sarah Brough®, Andrew M. Hopkins®?, Amanda E. Baner®, Michael N. Birchall®,
Simon Ellis®, Anthony Horton?, Sergio Leon-Saval!, Geraint Lewis’,

A. R. Lépez-Sanchez**, Seong-Sik Min®, Christopher Trinh!, Holly Trowland!

1} . b} 1 Sydney Institute for Astronomy (SIfA), School of Physics, University of Sydney, NSW 2006, Australia
I a | I I e e r S 2 ARC Centre of Ercellence for All-sky Astrophysics (CAASTRO)
14' 3 L] 3 Austration Astronomical Observatory, PO Box 296, Epping, NSW 1710, Australia

4 Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia

N . 5 School of Physics, Menash University, Clayton, VIC 3800, Australia Cr O O m et a | . 20 1 2
diameter fibre cores

~ Spectral resolution R~1700
(blue), R~4500 (red)
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Target selection
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0.1

0.05

Redshift, z

Primary sample, high mass secondary sample, low mass secondary sample




The SAMI Galayxy Swrvey

» Using the upgraded SAMI instrument
» Started in March 2013
» 3400 galaxies in ~200 nights, 4 hours exposure per field

» Primary fields are the Galaxy And Mass Assembly (GAMA;
Driver et al. 2010) regions
Three 4x12 deg equatorial regions at 9hr, 12hr and 15hr RA

Deep, complete, spectroscopy to r=19.8 to define environment
Robust group catalogue (Robotham et al. 2011)

GALEX, SDSS, VST, UKIDSS, VISTA, WISE, Herschel imaging,
21cm ALFALFA

» Specific galaxy cluster fields to be targeted in the SGP to
probe the highest density environments

=» Reaching the 1000 galaxies in main survey...




Example Science
Stellar Angulor Momentum

» Q: What drives the distribution of stellar angular momentum in
galaxies? What makes a “slow rotator”?

Lisa Fogarty et al.




Original

Importance
of Dithering

Interpolated — 1 shot Interpolated - dithered

© David Law - MaNGA




Image recovstruction: accnvracy

MaNGA observing Strategy
One Observing Unit = 3 dithers x 15 min
Repeat 3 times (possibly over 3 nights)

Total ~ 3 hours
Importance of Dithering

3-dither

PSF FWHM (arcsec)

© David Law - MaNGA




Inferesting effects 2/2

< Atmospheric refraction: images shifted with wavelength
= Object moving out of the slit ?
<+ IFU minimises the impact of this effect
=>» possible software correction (or ADC)

actual spectrum of the object
(flat spectrum)

\/

measured spectrum measured spectrum
for the left spaxel for the right spaxel

Emsellem et al. 1996; Arribas et al. 1999




But wirat abowt

Differential Atmostpieric Refraction ?

5000 Angstrom baseline
(dither shifts only)

decl=+60 degrees

Observation 4hr E of meridian,
parallactic angle = -97 degrees
DAR: 1.19 arcsec

Airmass: 1.47

Observation 4hr W of meridian,

arallactic angle = + rees h f-\ /\ /\ /\
SAR!|1 19 arcsge|c 2969 /\\'JA\!’A\!’A\!QA\!’A
Airmass: 1.47 KA KA KA KA KN
186 pts/arcsec scale Q’A\\VA\MA\@A@!’A

Observat_ion on n'leridiané s = X Y Y J J
52 pts/arcsec scale for big diagram g:’ ;l |3C5(;Ca?:sge|: =180 degrees, @kﬁiﬁ%ﬁiﬁi&
Airmass:1.13 /'\ re‘-'le‘ire‘ire‘ire‘ire‘ire‘

IA‘ \ [ \_/7 3\ \ W W A
3500 Angstrom offsets \/ \./A\_A\ijA\_ A\_ Ai é\_ /‘

(dither shifts + DAR) ,’.'\',
\

ViVV\ViVIVIV )
'-\"?"* |,* ‘,6;',6;
A‘-’A‘;A;A-A‘ -/‘

0
N\t
’ \ KA

© David Law - MaNGA




MaNGA Key Science Questions:

4
N
c>
o

felative Velocty (km/s)

LS
=
-3

1. How does gas accretion drive the growth of galaxy disks?

2. What are the relative roles of stellar accretion, major mergers, and instabilities
in forming galactic bulges?

3. What quenches star formation?

4. How do external forces affect star formation in groups and clusters?

5. How was angular momentum distributed among baryonic and non-baryonic
components as the galaxy formed?

6. How do baryons and stars trace and influence the shape of dark matter halos?
7. Does galaxy growth at low and high redshifts proceed in the same way?

© Kevin Bundy - MaNGA




MoNGA Howvrdwore Constroints

~ Regularity of the fiber packing (hexabundle)
> Use of Electric Discharge Machining
~ Ridged quality control procedures

> Measuring all the hardware components
> Lower the need for low assembly tolerance
= 1-3 um positional accuracy!

~ Production: approach and environment

> Achievable cost
> Molding (“Califa”) too expensive and time-consuming

> Ferrules: general tool for hexabundles of various sizes

~ And others

> AR coating on the bare fiber, sky fibers near the targets
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~ X-Shooter: spectral resolution versus field
» SITELLE-CFHT (FTS)

~ WIFES: multi-slit approach

~ VIRUS-P and VIRUS/HET (132 IFUSs)

See also Blanc’s talk
( VENGA)




© Niranjan Thatte. On behalf of the HARMONI consortium



Personol recommendations

# Keep track of the noise pattern
~ Characterise the instrument (and data reduction)

s Develop Software on realistic data:
» Instrument Numerical Model

# 1SINGLE (evolving) version for the data reduction software

~ Develop (and diffuse!) tools to handle the data

~ Allow CALIBRATION PROPOSALS 100 |

Most statements NOT specific to IFUs




Personal r '

a Keep track of the noise pattern
~ Characterise the instrument (and data reduction)
»# Develop Software on realistic data:
> Instrument Numerical Model
» Compare data sets xl
# Coordinate efforts on analysis tools 10
« Think about your data products

# Think about how to present + distribute your data

# Make sure you know how to compare with theory

# Make sure you adapt some theory to your data

Most statements NOT specific to IFUs




Moayps Look good, so-..

~ Beware of interpolation

A Colours or the importance of being earnest
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Propagation of artefocts

New sampling points

Spectrum without
artifact

> Artifact has been
= spread
= attenuated: less likely to be identified




The all-un one solwbon ?

< Minimise the number of steps including a resampling
< Associate data analysis tools with data reduction software
=>» keep working with the detector pixels
. areal nightmare (and a 3D one!)
“less” true for densely-packed fiber systems and image slicers ?

3
$

Raw 3D data

Flux-calibrated data cube with
i the instrumental signature removed

97 E DATA ANALYSIS

Physical quantities

DATA PROCESSING / REDUCTION

J7 i E ALOT OF THINKING, MODELING..
M The path to the holy Graal...




IFUs (NIR and optical)

Concluding remarks

s IFUs are everywhere

~ Mature “principle”
s But many innovations: new ways to go “3D”

Going 3D comes at a price

# Controlling systematics

# Monitoring errors, data quality

# DRS, DAS, Visualisation, data mining

The importance of software
s As part of the instrument
~ Models, Analysis: before, during, after

Specific science goals
~ One IFU should not be designed to do everything

=» let’s be ambitious & pragmatic




