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™T Outline
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® TMT
@ Design
@ Status
@® Science Cases
— 43 science programs with 230 requirements
@® Science Requirements
@® Overview of instrument suite
® Detailed “Early-Light” instrument concepts
® Synergy with JWST and other facilities
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TMT is a collaboration of:
—The Association of Canadian Universities for Research in Astronomy (ACURA)
—The University of California
—The California Institute of Technology
— Japan (participant status)

— China (observer status)
Very significant funding from the Moore Foundation. Additional partners?
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30m, f/1 primary, RC telescope, 20’ field

— “bigger is better: 30-m is a judgment about the proper balance between
science benefit, cost, technological readiness, and schedule” - Jerry Nelson

— Cost: (2010)$986M

Filled aperture, 492 1.4m segments

Integrated AO systems, including LGS

— MCAO, MOAO, GLAO, MIRAO, ExAO

— Sensitivity: D* advantage for point sources with AO

Wavelength range: 0.31 - 28 microns
Spatial resolution: 7mas in J
Instruments on large Nasmyth platforms, addressed by articulated tertiary

— Rapid switching between targets with different instruments (< 10 min)
— (Rapid target acquisition: time between targets < 5 min)
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Building on Keck heritage, experience, people...




&~ Narrow-Field IR AO System (NFIRAQOS):
TMT  TMT's Early-Light Facility AO system
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@ Dual conjugate AO system
— Better Strehl and larger field than current
systems (despite being harder for a 30m!)

Band Strehl Ratio
SRD (120 nm) | Baseline (177 Baseline + TT
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@® Completely integrated system 06

@ Fast (<5 min) switch between targets i

@ High sky coverage, even at galactic poles o4t~ : ::;x:vg
@ Good performance over 2’ field ozl N
@® VLT/MAD results demonstrate MCAO potential o
00 50 100 150 200

Radius (mas)



“ﬁb The Importance of

wmemmse Adaptive Optics - Sensitivity

@® Seceing-limited observations and observations of resolved sources

Sensitivity « nD? (~14 x 8m)

® Background-limited AO observations of unresolved sources
Sensitivity « 1nS?D* (~200 x 8m)

@ High-contrast AO observatlons of unresolved sources

Sensitivity nS—D4 (~200 x 8m)

S

Sensitivity =1/ time required to reach a given s/n ratio
n = throughput, § = Strehl ratio. D = aperture diameter



“ﬁ? The Importance of

THIRTY METER TELESCOPE Adaptive OptiCS - ReSOIution

- HST Resolution

Currently in the design phase, the Thirty Meter Telescope (TMT) projectis a
collaboration between the University of California, the Associated Universities
for Research in Astronomy, and the Association of Canadian Universities for
Research in Astronomy and Caltech, Shown here is an example of the angular .
resolution that TMT will have with its adaptive optics system, comparing it to the |
resolution of the Hubble Space Telescope. With adaptive optics, TMT will be !
diffraction limited for wavelengths of 1um and longer. This resolution will greatly R TR . e B
enhance the sensitivity of TMT in the infrared. - R VI {
. X e !

Thirty Meter Teléscope (TMT) Resolution with Adaptive Optics
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™T A “Rebirth” of Astrometry
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@30 micro-arcsecs in densely populated fields:
—General Relativity at the Galactic center
—Distance to the Galactic center

—Star forming regions: accurate determination of the Initial Mass Function with
cluster membership

-2 milli-arcsecs in very sparse fields, i.e., where only wavefront sensor guide
stars are available:

—Magnetar proper motions to establish velocity imparted during progenitor
explosion

—Binary star/planet orbits to measure stellar, compact object and planet
masses

—Astrometric microlensing to measure accurate stellar masses
—Gravitational lensing to probe dark matter substructures
—Binary Kuiper Belt Objects
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T EL AXIS

23 m

1.8 m

Compact Enclosure
with excellent performance

50.76 m

56 m

28 m







T™MT TMT Site — Mauna Kea 13 North

Site testing demonstrates excellent results (Schoeck et al 2009)

TMT Site Location (13 North)

High, dry site
Excellent seeing
Synergy with Keck, Subaru, Gemini, CFHT
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TMT  Status of the Design and Development
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Science drivers and requirements are established
Performance of TMT thoroughly modeled and guiding design

— Performance requirements are met in both seeing limited and
diffraction limited modes

Critical subsystems are in Preliminary Design
Cost estimate is detailed and actively managed

Integrated Project Schedule is detailed and is under active
study

Modern project management is being applied

Critical components have been/are being prototyped,
Industrialized and tested

— Results are positive, no technical showstoppers
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TMT Project Schedule by Programmatic Phase

(by calendaryear)

Constructio
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T™MT
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TMT Discovery Space -
13.3 Billion Years

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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TMT  Fundamental Questions in 2018
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What is the nature of dark matter and dark energy?

What were the first luminous objects in the Universe and when did
they appear?

When and how did the the intergalactic medium become ionized?
When and how did the most massive compact objects form?
How did the galaxies form and how do they evolve?

When and where were the heavy elements produced?

How do stars and planetary systems form?

What are the physical properties of exoplanets?

Does life exist elsewhere in the Universe?



Th% Cosmology and Fundamental Physics
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- The nature of dark matter and dark energy

What is Dark Matter and Dark Energy?
There are many theories - some predict

variation of fundamental parameters.

Wavelengths in multiplets of redshifted
UV lines in quasar spectra are
sensitive to @ =¢>/ic and to
u=m,/m,

A decade of study with 10m-class
telescopes has hinted at variations:

— Mixed results for variation of o.

— Tentative (3.50) detection of
variability of .

The light-gathering power of TMT will
provide a definitive resolution.

reduced redshift g, x 10°

T
_‘1: »"'H?’ﬂiﬁ

001 0 001 002 003 004 005

sensitivity coefficient K.
Wavelength residuals seen in QSO
spectra vs. sensitivity coefficient. Positive
slope indicates variation of u. (Reinhold et
al. 20006)
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T% Fundamental Physics and

THIRTY METER TELESCOPE COS mOIOgy

@ Science objectives:
- Dark matter on large and small scales
- First measurement of a Kerr spacetime
- Dark energy density versus cosmic time
- Variations of fundamental constants over
cosmological timescales

@® Observations:
- Proper motions in dwarf galaxies and
microarcsec astrometry
(MCAO/IRIS/WIRC)
- Wide-field spectroscopy (SL/WFOS)
- Transient events lasting > 30 days
- High-res observations of quasars/AGNs
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0.2 0.0 -0.2
ARA from Sgr A* (arcsec)

e A\ =0.31-0.62um, 2-2.4ym

e R =1000 - 50,000

e \ery efficient acquisition

® 0.05 mas astrometry
stable over 10 years

e SL Field of view = 20’

e AO field of view = 15”7 (w/
stable PSF)




Th% The Early Universe and First Light
- The first luminous objects

® TMT should detect the first
luminous objects - and will study
the physics of objects found with
JWST:

— Detection of He |l emission

/A/M,)
FeN

Pop IlI: Salpeter IMF (1-500 M,)

Ly-a

would confirm the primordial
nature of these objects.

— With TMT, we will be able to
study the flux distribution of
sources, and the size and
topology of the ionization
region.

— This will help us understand
how reionization developed.

'%

log F, [1.e+30 erg/
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Schaerer 2002
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TMT  Angular Sizes and Synergy with JWST
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« Complimentary
— JWST has greater sensitivity for z > 20
— TMT has high sensitivity to physically small sources
— could be 10-100x, depending on size (and wavelength)

* How small are primordial objects?
— Atz ~ 6.5 some are <= 80-100 mas
— Some gravitationally lensed sources are ~ 30mas

Lensed galaxies at z ~5.7 (Ellis et al. 2001)
Unlensed sizes ~ 150pc or < 30mas
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IGM Tomography

(R. Cen, Princeton U.)

Given that TMT+WFOS will perform
spectroscopy down to Ras = 24.5 mag
with a spectral resolution of 5000 and
S/N=30, background UV-bright galaxies
will then become usable beacons, and
the surface density of sightlines on the
sky for intergalactic medium
tomography will be ~200x higher than
currently observable with 8-10m class
telescopes.

This means that one will be able to
probe individual galaxy haloes through
multiple sightlines

TMT is a wide-field telescope when
applied to the high redshift Universe:
20’ field is equivalent to 3.4° at the
redshift of SDSS



T% Galaxy Formation and Evolution

- Physics of galaxy formation
. . Z=0 100 Z=0 6.5 Z=0
® TMT will use adaptive . 60 _

. - 5.5 i
optics to map the | -0 ¢ '(?g 0 &) " ‘
physical state of galaxies 2| 5| ¥
over the redshift range B i
Where the bUlk Of galaxy log{ SFR) (M. fyr) W km/s) s Ha/Hpj 3'0109{:."\'If‘(,\0563)/"Ho). .
assembly occurs:

_ 725 225 | =25 s| z=25 03
— Star formation rate of . o
v -"‘;' o B ® = 5.5 . 0.5
— Metallicity maps zZ=25 « 5-3}' k" B0k I & w ]
1.0 * -0.7
— Extinction maps Th exp .
15 3.5 -0.8
- Dynam|ca| Masses log{ SFR) (M. /yr) A km/s) e Hao/HB 3'0Iog(:A\’I[(A65S3)‘/"Hnio.9
— Gas kinematics s o[ bs [ =55 i
- oz o |flm o}
® Synergywith ALMA:  z=55 | & Jk |
— Molecular emission 4h exp 50 i "
500pc res 08 Lo

TMT IRMOS-UFHIA team
24
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T™T Galaxy Formation and the IGM
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@ Science objectives:
- Baryons at epoch of peak
galaxy formation
- Velocity, SFR, extinction and metallicity
maps of galaxies at z=5.5
- |IGM properties on scales < 300 kpc

® Observations:

- Optical/IR multiplexed spectroscopy
of distant galaxies and AGNs

e A=0.31-2.5um

(SL/WFOS, MCAO/IRMS) e R =3000-30,000
- Spatially resolved spectroscopy * Very effiC_ient acquisition
(MCAO/IRIS, MOAO/IRMOS) ® Multiplexing factor > 100

® Field of view = 20’
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® Merging galaxies often hidden behind gas and dust forming stars —
need mid-IR to penetrate extinction

@® High spatial resolution separates black hole region from host galaxy
contamination

® TMT/MIRES will put JWST observations in context as done with
Spitzer and today’s 8m telescopes

® Atz=0.5 JWST resolution = 1.5 kpc and TMT = 330 pc
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® Merging galaxies often hidden behind gas and dust forming stars —

need mid-IR to penetrate extinction

@® High spatial resolution separates black hole region from host galaxy

contamination

® TMT/MIRES will put JWST observations in context as done with

Spitzer and today’s 8m telescopes
® Atz =0.5 JWST resolution = 1.5 kpc and TMT = 330 pc
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“ﬁb Black holes and Active Galactic Nuclei
mevermrasse = EVOIUtION @nd the galaxy - BH connection

® TMT will determine black hole 1010
masses over a wide range of
galaxy types, masses and

redshifts: 10°
— It can resolve the region of .
influence of a 10° Mg BH to 10
z ~ 0.4 using adaptive ;o
optics. <
@® Key questions: é
— When did the first super- = 10°
massive BHs form? -
108

— How do BH properties and
growth rate depend on the
environment? 10¢

— How do BHs evolve

dynamically? 1000 ,

— How do BHs feed?
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I™MT Black Holes and Active Galactic Nuclei
- The galactic center

THIRTY METER TELESCOPE

@® TMT/IRIS will map stellar orbits
in the galactic center with
precision ~30 pas to probe the
gravitational potential, study the
nature of dark matter on small
scales, and measure general-

relativistic effects.

® TMT will detect and spatially
resolve accretion disks and the
spheres of influence of massive

black holes to z ~

1, and study

AGN mass and metallicity at all

redshifts.

A. Ghez, UCLA
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Th% Stellar Populations in the Local Universe
- Stellar archaeology

® TMT will determine the star
formation history in galaxies out to
the Virgo cluster:

— Adaptive optics will allow
photometry of resolved stellar
populations in crowded fields.

— This will give star-formation
history and metallicity in a
wide range of environments.

— High-resolution spectroscopy
will provide element
abundances.

— Complimentary to high-z
galaxy studies.

-

16|

18

20|

I

22

24|

Simulated M32 CMD with
TMT MCAQO. The red, blue
and green lines represent

three input stellar populations.

(K. Olsen, NOAO)
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“ﬁb Physics of Star and Planet Formation

THIRTY METER TELESCOPE - Planet formatlon

@® TMT will be able to image
protoplanetary disks and
detect features produced
by planets with mid-infrared
adaptive optics:

— TMT will have 5x the
resolution of JWST.

Simulation of Solar System
protoplanetary disk (Liou & Zook 1999)
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™T Planet Formation
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Studying gas in disks:
H, UV, NIR, MIR
R AR AR AR AR RN NN NN REEEAREENAEEEAEEEREEEAREEEAEEEEEEEEEEEEEEE >
H,0 ro-vib
OH Av=1
CO Av=l
co
@ V=TT

0.1 AU 1 AU 10 AU
~1000 K ~200 K ~50 K

Study gas dissipation timescale: constrains pathways for
giant planet formation, terrestrial planet architectures

Diffraction-limited, mid-IR observations with TMT/MIRES will probe gas in
protoplanetary disks over range in which terrestrial planets are expected
to reside




-|-M-|-é Characterization of Extrasolar Planets
- Atmospheres of terrestrial planets

® TMT will detect the absorption

signatures of gases in the To Earth « .
atmosphere in transiting .
planets. h
~ Na, K, He, will be easily o QAband 00000000
detectable with TMT © WW
® TMT should be able to detect hg
O, in the atmosphere of an = X
Earth-like planet orbiting in s | | 0
the habitable zone of an M = lﬂ | I i
star = & |
% 5 ‘ ‘ \ ‘ |l ‘
— S/N ~ 30,000 per 6 km/s o I I
resolution element - = | |
ﬁgnevable by TMT in ~3 2 ebb & Wormleaton 2001

7600 7650 7700
Wavelength A
34



> Formation of Stars
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THIRTY METER TELESCOPE a n d P | a n ets

@ Science objectives:

® Observations:

Origin of stellar masses

Architecture of planetary systems
Pre-biotic molecules in disks

First direction of reflected-light Jovians
Exoplanetary atmospheres (oxygen)

High precision, crowded field

photometry (MCAO/IRIS/WIRC)

Very high Strehl ratio imaging (ExAO/PFI)
Diffraction-limited, high-resolution, mid-IR

(MIRAO/MIRES)

High-res optical and IR spectroscopy

e \=1-25um

e R =4000,30000-100,000

® | ow telescope emissivity
and PWV <5 mm

® Fixed gravity vector

e Strehl ratio > 0.9 and
contrast ratio of 108-°




T™MT Solar System Studies
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@® TMT will extend studies of the
outer Solar System:

— it will be able to detect a 1 km TNO at
50 AU in 15 min.

@® TMT will provide a capability for
high-spatial resolution imaging
and spectroscopy of planets and
satellites of the solar system:

— high-resolution spectra of features on
outer Solar System bodies will allow
studies of atmospheric physics and
atmospheric and surface chemistry

— Regular monitoring will allow TMT to
study transient phenomena, weather,
(cryo-)volcanic activity, etc.

Europa at the resolution of TMT
adaptive optics (M. Brown, CIT)
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T™T lo with TMT/IRIS
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Observing lo with AU on ground-—based telescopes

Keck /AG+NIRCR2 Keck/ExAQ TMT—30m /A0

Simulations of lo Jupiter-facing hemisphere in H band. (courtesy of Franck Marchis, UC Berkeley/SETTI)

TMT resolution at 1Tum is 7 mas = 25 km at 5§ AU (Jupiter)
(0.035 AU at 5 pc, nearby stars)
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T™T Solar System

THIRTY METER TELESCOPE

H2 (1-0) Br (gamma)
@ Science objectives: 21239y 2.1686p

- Composition of Kuiper Belt
objects and comets

- Monitoring weather,
vulcanism and tectonic
activity

@® Observations:
- Spatially resolved

spectroscopy (MCAO/IRIS) Volcanic plume on Titan with Gemini/AO
- Diffraction-limited, high-resolution,
near-IR (MCAO/NIRES) and mid-IR ® A=1-10 um
spectroscopy (MIRAO/MIRES) e R =1000-100,000

® Non-sidereal tracking
® Fast response time
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TMT From Science to Subsystems

THIRTY METER TELESCOPE

LGSF asterism generator + B
launch telescope ‘

Galactic Center

High Strehl w/ stable PSF over
15” =» MCAO

LGSF beam transfer

NFIRAOS +
IRIS

0.2 0.0
ARA from Sgr A* (arcsec

Laser room
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TMT  From Science to Subsystems

THIRTY METER TELESCOPE

Transients - GRBs/
supernovae/tidal flares
Fast system response time

NFIRAOS
fast switching
science fold
mirror

Absolute Bolometric Magnitude

I
0 5 10 15 20
Days Since Explosion

Articulated
M3 for fast
instrument
switching

Fast
slewing and
acquisition



Th% Rapid Response Example:

THIRTY METER TELESCOPE G RBS a n d TM T

« GRBs are very bright but only briefly

» Expect a significant fraction at very high redshift
« GRBs are point sources - D* advantage with AO
=> Potential for high S/N, high resolution spectra

— Physics of extreme events and objects at high z
— |IGM studies at high z
* Instruments:
— WFOS measurements of redshift, physical conditions
— IRIS imaging and IFS with R = 4000
— Detection and IFU spectroscopy of host galaxies
— NIRES (AO fed) R = 50,000 spectroscopy over 0.8 - 2.5mu
— Time sequences of high S/N spectra of high z objects §
— MIRES: R = 100,000 spectroscopy in 5-28micron region
— HROS: R = 50,000 spectroscopy in 0.3 - 1micron region

GRB090423
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TMT From Science to Subsystems

THIRTY METER TELESCOPE

LGSF asterism generator + : s
. doﬂst o
launch telescope

)

LGSF beam transfer

Spatial dissection of

distant galaxies in IRMOS
formation (~160 VLT
Multiplexed, MOAO- nights/ night)
assisted, spatially-resolved
spectroscopy
- 30m M1 to
TSy AN it overcome photon
; & i starvation

+
FoV =5

Laser regm
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Image Quality

THIRTY METER TELESCOPE

16

@® Requirements:

Resolution (telescope aperture) .
20

and sampling (detector size versus FoV) .
- Strehl ratio (AO performance) =
- Contrast ratio (wavefront control, 24
speckle suppression, segment coating 26 e
and C|eaning) -05 0.0 Joii 1.0 15
® Impact it

Test of General Relativity at the Galactic Center

Proper motions

Star formation histories of nearby (D < 16 Mpc) galaxies
Direct detection and characterization of exoplanets
Surface physics of planets and satellites



IR
T™MT Observing Efficiency

THIRTY METER TELESCOPE

@® Requirements:
- Acquisition, calibration,
downtime, fast response
and weather

@® Impact:

— Large programs (# observations > 500)
@® |IGM tomography

@® Jovian exoplanets lo with TMT/MCAO
@ Doppler detection of planetary systems
- Time-critical programs
@® Supernovae/GRBs
® \Weather and volcanic activity in the outer solar system
® Exoplanetary transits



> Efficient Operation:
T™T Observation Workflow

THIRTY METER TELESCOPE

Example: Part of IRIS LGS sequence (40 subtasks)

Target acquisition

— < 5 minutes including slewing, _
configuring, finding target, setting [ " et aca)
up AO system v

LGS.2: Propagate and calibrate

ACQ: Take AC’Q images and |
compute offsets

GS.3: Offset telescope and TTF|
* Instrument changes | WFS'““l'm"m"t

— < 10minutes to opening shutter LGS.4: Close high order loops

no GS.5.1: Open high order loops,
5 Spots on TTF ﬂ" fai ch ops
es

LGS.6: Calibrate TTF WFS and
TWFS and Close all loops

45




> Efficient Operation:
T™T Observation Workflow

THIRTY METER TELESCOPE

Example: Part of IRIS LGS sequence (40 subtasks)

« Target acquisition

— < 5 minutes including slewing, .
configuring, finding target, setting | =" ettoaca)
up AO system

liee o ol

Studied extensively - Vital input to requirements of all observatory subsystems

[ GS.3: Offset telescope and TTF|
* Instrument changes e e

v

LGS.4: Close high order loops

— < 10minutes to opening shutter

VERY Challenging but both key timing requirements appear feasible [™oos

LGS.6: Calibrate TTF WFS and
TWEFS and Close all loops

46
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TMT  Science Flow Down to Capabilities

THIRTY METER TELESCOPE

Theme Science Objectives Observations Requirements Capabilities
Fundamental Physics * Mapping distribution of dark matter on large and | * Proper motions in dwarf galaxies *2=031-062um, 2-
and Cosmology (Dark small scales * Wide-field optical spectroscopy of R=24.5 24um .
ark e ire ae . spaceti alaxies SL/WFOS
energy, dark matter, * First measurement of a Kerr spacgtime galaxies « R = 1000 - 50000 SL/HROS

physics of extreme
objects. fundamental
constants: DSC Section
3)

* Very precise expansion rate of Universe
* Mapping variations in constants over
cosmological timescales

* Migroargseg astrometry
* Transient events lasting > 30 days
* High spectral resolution observations of

quasars and GRBs

* Very efficient acquisition

* 0.05 mas.astrometry
stable over 10 years

* Field of view > 10

MCAO/IRIS/WIRC
MCAQO/NIRES

The Early Universe
(First objects, IGM at z
> 7. DSC Section 4)

* Detection of metal-free star formation in First
Light objects
* Mapping topology of re-ionization

* Multiplexed. spatially-resolved
spectroscopy of faint objects
* High spectral resolution, near-IR

*2=08~25um
* R = 3000 - 30000
* F=3x10" ergs s 'cm~A"!

MCAO/IRMS/IRIS
MOAO/IRMOS

* Structure and neutral fraction of IGM atz > 7 spectroscopy * Exposure times > |5ks MCAONIRES
Galaxy formation and * Baryons at epoch of peak galaxy formation * Optical/near-IR multiplexed diagnostic *2.=031-25um
the IGM (DSC Section * Velocity, SFR, extinction and mgtallicity, maps of spectroscopy of distant galaxies and AGNS | < R = 3000-5000. 50000 SL/WFOS
galaxies atz=35.5 * Optical/near-IR multiplexed identification | « Very efficient acquisition SL/HROS

2)

* IGM properties on scales < 300 kpg

spectroscopy of extremely faint high
redshift objects (to R~27)
* Spatially-resolved spectroscopy

* Multiplexing factor >
100

MCAO/IRIS/IRMS
MOAO/IRMOS

Extragalactic
supgrmassive black
holes (DSC Section 6)

* Demographics of low-mass black holes
* Reverberation mapping outto z= 0.4
* Scaling relations out to z = 2.5 and masses at 2>6

« Spatially-resolved spectroscopy of galaxy
cores

*h=08~25um
* R = 3000-5000
* Precise positioning

MCAO/IRIS
MOAO/IRMOS

Exploration of nearby
galaxies (DSC Section
D

* Abundance of oldest stars in Milky Way

¢ Chemical evolution in Local Group galaxies

* Diffusion and mass loss in stars

* Resolved stellar populations out to Virgo cluster

* High spectral resolution optical and near-
IR spectroscopy

* High-precision photometry in crowded
fields

*h=03309,14-24um
* R = 4000, 40000-90000
* Photometry precision of

0.03 mag at Sighl = 0.6

SL/HROS
MCAQO/NIRES
MCAO/IRIS/WIRC
SL/WFOS

Formation of stars and
planets (physics of star
planetary disks,
exoplangts: DSC

Section 8, Section 9)

* Origin of mass in stars

* Architecture of planetary systems

* Deposition of pre-biotic molecules onto
protoplangtary, surfaces

* First direct detection of reflected-light Jovians

¢ Characterization of gxg-atmospheres (oxygen)

* High-precision. crowded field photometry

* Diffraction-limited. high spectral
resolution mid-IR spectroscopy

¢ Very high Strehl AO-assisted imaging:
precise wavefront control

* High spectral resolution optical and near-
IR spectroscopy

*h=1-25um

* R = 4000, 30000- 100000

* Low telescope emissivity

* Dry site (PWV <35 mm)

* Fixed gravity vector and
thermal control

* Very efficient acquisition

* Contrast ratio of 10%”

MCAO/IRIS
MIRAO/MIRES
MCAQO/NIRES
SL/HROS

EXAQ/PFI

Our Solar System (outer
parts, surface physics
and atmospheres: (DSC
Section 10)

* Composition of Kyipgr Belt Objects and comets
* Monitoring weather. yulcanism and tectonic
activity

* Spatially resolved spectroscopy of objects
in solar system
* Transient events (hours to years)

*r=1-10um

* R = 1000 - 100000

* Non-sidereal tracking
* Fast response time

MCAO/IRIS/WIRC
MCAQO/NIRES
MIRAO/MIRES
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TMT First Decade Instrument

Field of view/

Suite

Spectral

Instrument A (um) Slit length P Science Cases
_ * Assembly of galaxies at high z
infraRed Imager and 08-25 <3" IFU > 3500 * Black holes/AGNs/Galactic Center
Spectrometer 06-5 o . . . : g
>15"imaging 5-100 (imaging) | * Resolved stellar populations in crowded
(IRIS) (goal) fields
. ) 1000- * |GM structure and compositionat2<z <6
Spec"t‘fg;'zgf;g"ifﬁ;ger 03110 >10(>)4aorcar:1(i;rr12"(1goal) 5000@0.75" slit | » Stellar populations, chemistry and
(WFOS) Siit length>500" >750(g OC?I()J_?s energetics of z > 1.5 galaxies
. 2 arcmin field, up to _ * Early Light
s 'gf:'t"r‘?rﬁgtﬁ“('ltgms) 0.95-245 | 120" totalsiitlength | R=4660 @016 1. £poch of peak galaxy buiding
P with 46 deployable slits * JWST follow-ups
Deployable, multi-IFU, " ; * Early Light
near-IR spectrometer 08-25 3 d.'FUSt°"‘;°r ;5 2000-10000 | = Epoch of peak galaxy building
(IRMOS) aknsnsling * JWST follow-ups
. 8-18 " el * Origin of stellar masses
gmggt?o‘:g{zd(ﬁﬁ?gg 45-28 :: Of Iin:nlzng;(h 5000-100000 * Accretion and outflows around protostars
P (goal) ging * Evolution of gas in protoplanetary disks
Planet Formation 1-25 1" outer working angle, » 10° contrast ratio (10° goal)
Instrument 1- 5_ ( 'oal) 0".05 inner working R<100 * Direct detection and spectroscopic
(PFI1) 9 angle characterization of exoplanets
*|GM at z > 7, gamma-ray bursts
* Local Group abundances
Near-IR AO-fed echelle " il * Abundances, chemistry and kinematics of
spectrometer (NIRES) 1-5 2" slit length 20000-100000 stars and planet-forming disks
* Doppler detection of terrestrial planets
around low-mass stars
* Doppler searches for exoplanets
High-Resolution Optical " ol « Stellar abundance studies in Local Group
Spectrometer (HROS) 0.31-1.1 5" sk langth 50000 * |SM abundance/kinematics
* |GM characteristics to z~6
Wide"-field AO imager 08-50 30" imaging field 5-100 * Precision astrometry (e.g., Galactic Center)

(WIRC)

* Resolved stellar populations out to 10 Mpc
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THIRTY METER TELESCOPE

TMT First Decade Instrument

Suite

Field of view/ Spectral .
Instrument A (um) Slit length T Science Cases
» Assembly of galaxies at high z
InfraRed Imager and | 0.8-25 <3" IFU > 3500 « Black holes/AGNs/Galactic Center
pe RIS oal >15"imaging 5-100 (imaging) | * Resolved stellar populations in crowded

Wide-field Optical

spectrometer and imager
(WFOS)

>40 arcmin®
>100 arcmin? (goal)
Slit length>500"

1000-
5000@0.75" slit
>7500 @0.75"

* |GM sfructure and compositionat2<z <6

« Stellar populations, chemistry and
energetics of z > 1.5 galaxies

Sp'gct?n‘:gtg“('fsﬂs) 095-245 | 120" totalsitlength | R-aco0 @016 . Epoch of peak galaxy building
with 46 deployable slits * JWST follow-ups
Deployable, multi-IFU, " ] * Early Light
near-IR spectrometer 08-25 o IFUS overas 2000-10000 | * Epoch of peak galaxy building
(IRMOS) diameter field « JWST follow-ups
. 8-18 R » Qrigin of stellar masses
Mid-IR AO-fed Echelle S L
4528 (P . . . tion and outflows around protostars
Specirometar (AIRES) (goal) Vl Sl b | e y S eel n g = Ll m |ted ion of gas in protoplanetary disks
Planet Formation 1-25 ntrast ratio (10° goal)
Instrument 1 5_ ) | detection and spectroscopic
(PFI) — 5 (goal) angle characterization of exoplanets
*|GM at z > 7, gamma-ray bursts
* Local Group abundances
Near-IR AO-fed echelle 1.5 2" slit length 20000-100000 * Abundances, chemistry and kinematics of

spectrometer (NIRES)

stars and planet-forming disks
* Doppler detection of terrestrial planets

High-Resolution Optical
Spectrometer (HROS)

5" slit length

0" imaging field

* Doppler searches for exoplanets

« Stellar abundance studies in Local Group
* |SM abundance/kinematics

* |GM characteristics to z~6




IR
™T

THIRTY METER TELESCOPE

TMT First Decade Instrument

Suite

- Field of view/ Spectral
_ » Assembly of galaxies at high z
InfraRed Imager and | 0.8-25 <3" IFU > 3500  Black holes/AGNs/Galactic Center
pe ) >15"imaging 5-100 (imaging) | * Resolved stellar populations in crowded
(IRIS) (goal) fields
Wide-field Optical >40 arcmin 5000@0.75" slit Stellar . .
. ; . . populations, chemistry and
spectrometer and imager | 0.31-1.0 >100 arcmin? (goal) Y ! .
WFOS Slit lenath>500" >7500 @0.75 energetics of z > 1.5 galaxies
L 2 arcmin field, up to _ * Early Light
Sp'ggtf?n‘:gtﬁ“('fsms) 095-245 | 120" totalsitlength | R=4660 @016 1. £poch of peak galaxy building
with 46 deployable slits * JWST follow-ups
i 2'&3‘33155 0.8-25 3';.":“3 o ;15, 2000-10000 | - EnghLlc?fh;t)eak galaxy building
IRMOS ameter fio « JWST follow-ups
yigﬁofnc;;;ﬁﬁﬁ:gg 45-28 Saaitongih etion and outflows around protostars
P (goal) N ear- I R AO_ ass | Ste d lution of gas in protoplanetary disks
Planet Formation 1-25 ’ contrast ratio (10° goal)
Instrument - ct detection and spectroscopic
1 -5 (goal) -
*|GM at z > 7, gamma-ray bursts
* Local Group abundances
SRRy | e | mewean | mowimen | S g reree
* Doppler detection of terrestrial planets
around low-mass stars
High-Resolution Optical 1"l « Stellar abundance studies in Local Group
Spectrometer (HROS) 0.31-1.1 5" skt length 50000 * |SM abundance/kinematics
“Wide"-field AO imager 08-50 30" imaging field 5100 * Precision astrometry (e.g., Galactic Center)

IRC

* Resolved stellar ulations out to 10 Mpc



> TMT First Decade Instrument

I M I "
THIRTY METER TELESCOPE S u Ite

* JWST follow-ups

Deployable, multi-IFU, H |g h 'CO ntl’a St AO Early Light

Field of view/ Spectral .
Instrument A (um) Slit length T Science Cases
_ » Assembly of galaxies at high z
InfraRed Imagerand |  0.8-25 <3" IFU > 3500 « Black holes/AGNs/Galactic Center
Spectrometer 06-5 . . . . : .
>15"imaging 5-100 (imaging) | * Resolved stellar populations in crowded
(IRIS) (goal) fields
. .2 1000- * |GM structure and compositionat2<z <6
specvt\fgri-ggsgguicn?;ger 031-10 >10(>)Agff:r:1?rrwgl?goal) 5000@0.75" slit | » Stellar populations, chemistry and
(WFOS) Slit length>500" >750(g 0(3()1.75 energetics of z > 1.5 galaxies
. 2 arcmin field, up to * Early Light
InfraRed Multislit u : R=4660 @ 0.16 |, -
Spectrometer (IRMS) 0.95-245 120" total slit length . Epoch of peak galaxy building

near-IR spectrometer 08-25 Epoch of peak galaxy building
(IRMOS) * JWST follow-ups
. 8-18 " el * Origin of stellar masses
Mid-IR AO-fed Echelle 45-28 3" slit length 5000-100000 | *Accretion and outflows around protostars

spectrometer (MIRES 10" imaging

Planet Formation 1" outer working angle, *» 10° contrast ratio (10° goal)
Instrument 0".05 inner working * Direct detection and spectroscopic
(PFI) angle characterization of exoplanets

* Local Group abundances

* Abundances, chemistry and kinematics of
stars and planet-forming disks

* Doppler detection of terrestrial planets
around low-mass stars

* Doppler searches for exoplanets

« Stellar abundance studies in Local Group

* |SM abundance/kinematics

* |GM characteristics to z~6

* Precision astrometry (e.g., Galactic Center)

* Resolved stellar populations out to 10 Mpc

Near-IR AO-fed echelle -
spectrometer (NIRES) 1-5 2" slit length 20000-100000

High-Resolution Optical "ol

“Wide"-field AO imager

(WIRC) 0.8-5.0 30" imaging field 5-100




> TMT First Decade Instrument

I M I "
THIRTY METER TELESCOPE S u Ite

Field of view/ Spectral .
Instrument A (pm) Slit length T Science Cases
» Assembly of galaxies at high z
InfraRed Imager and | 0.8-25 <3" IFU > 3500  Black holes/AGNs/Galactic Center
pe ) >15"imaging 5-100 (imaging) | * Resolved stellar populations in crowded
(IRIS) (goal) fields
. . 2 1000- * |GM structure and compositionat2<z <6
o ogeTeld ;Zt'icn?;ger 03110 e e oal) | 5000@0.75" st | +Stellar popuiations, chemistry and
(WFOS) Slit length>500" >7501?12(\)'75 R - 0 g
- T ' H ht
InfraRed Multislit 0.95 — M |d ol nfra red AO'aSS I Sted k galaxy buildin
X ’ peak galaxy g
Spectrometer (IRMS) llow-ups
Deployable, multi-IFU, 3" IFUs over >5' * Early Light
near-IR ometer 08-25 diameter field 2000-10000 . Ech f ak alaxy building

. " el * Origin of stellar masses
Mid-IR AO-fed Echelle . 3 s I.'t Iength 5000-100000 | = Accretion and outflows around protostars
spectrometer (MIRES) 10" imaging

* Evolution of protoplanetary disks

O - “m- v o0

0".05 inner working R<100 * Direct detection and spectroscopic
angle characterization of exoplanets

*|GM at z > 7, gamma-ray bursts

* Local Group abundances

Near-IR AO-fed echelle " ol * Abundances, chemistry and kinematics of

spectrometer (NIRES) 1-5 2" slit length 20000-100000 stars and planet-forming disks

* Doppler detection of terrestrial planets

around low-mass stars

* Doppler searches for exoplanets

High-Resolution Optical "l « Stellar abundance studies in Local Group

Spectrometer (HROS) | 0-31-11 v slit langth 50000 « ISM abundance/kinematics

* |GM characteristics to z~6

“Wide"-field AO imager _ o : * Precision astrometry (e.g., Galactic Center)

(WIRC) 0.8-50 30" imaging field 5100 * Resolved stellar populations out to 10 Mpc

Instrument
(PFI)




> Feasibility studies 2005-6
(concepts, requirements, performance,...

THIRTY METER TELESCOPE

IRMOS-UF

Alternate Gratings
On Turret

Common reimager
camera lens

Imager Filter
Wheels

"l

43m
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T™MT Nasmyth Configuration:
First Decade Instrumentation Suite
NIRES-B IRIS (vottom port) HROS

NFIRAOS

WFOS

PFI

APS

N
MIRAO/ o S
MIRES =



nﬁ? TMT Discovery Space

meweeraescors— Broad range of spectral and spatial resolution
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™T Synergy with Space/IR

THIRTY METER TELESCOPE J WST a n d A L M A
_lllllll T 1 lllllll T 1 lllllll ] 1 l_ ;\ 0.6 I_lllll | LR T llllllll | llllllll I_
10-18[ i : JWST |
- : g I I
10~ 14 [ Spitzer 4 = 0.2 T —
E e 1 9 0.1 F JwST MIRES -
_15- - /)] - Y Q .
1072 4 2 L IRMOS ]
E —— MRES ] 905 ¢ i
—-16 | e) } © L |
10 ¢ * 3 50.02 | IRIS/WIRC ALIA
C i a
10—17 Lol 1 Lol 1 Lo el 1 1 40.01 Ll 1 Lol 1 Ll 1 Lol 1
1000 104 10° 1 10 100 1000

Spectral Resolution

TMT/MIRES will have comparable
spectral line sensitivity (NELF) to
infrared space missions with a much
higher spectral resolution

Wavelength (microns)

The angular resolution of TMT

instruments nicely complements
that of JWST and ALMA
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InfraRed Imager and
Spectrometer
(IRIS)

Field of view/
Slit length

<3" IFU
>15"imaging

Spectral

resolution

> 3500
5-100 (imaging)

TMT Early Light Instrument Suite

Science Cases

* Black holes/AGNs/Galactic Center
* Resolved stellar populations in crowded
fields

Wide-field Optical

spectrometer and imager
(WFOS)

>40 arcmin®
>100 arcmin? (goal)
Slit length>500"

1000-
5000@0.75" slit
>7500 @0.75"

(goal)

* |GM structure and compositionat2<z <6
« Stellar populations, chemistry and
energetics of z > 1.5 galaxies

InfraRed Multislit
Spectrometer (IRMS)

-’..'4" U - \J

0.95-245

2 arcmin field, up to
120" total slit length
with 46 deployable slits

3" IFUs over >5'

R=4660 @ 0.16
arcsec slit

* Early Light
* Epoch of peak galaxy building
* JWST follow-ups

* Epoch of peak galaxy building

near-IR spectrometer’ 08-25 i ter field 2000-10000
(IRMOS) SMIIEON 1o * JWST follow-ups
. 8-18 "ol * Origin of stellar masses
gn'ggtlfof‘nggﬁﬁﬁ:gg 45-28 :1305 Ii';:n?;h 5000-100000 * Accretion and outflows around protostars
P (goal) ging » Evolution of gas in protoplanetary disks
Planet Formation 1-25 1" outer working angle, » 10° contrast ratio (10° goal)
Instrument 1-5( 'oal) 0".05 inner working R<100 * Direct detection and spectroscopic
(PFI) g angle characterization of exoplanets
*|GM at z > 7, gamma-ray bursts
* Local Group abundances
Near-IR AO-fed echelle " ol * Abundances, chemistry and kinematics of
spectrometer (NIRES) 1-5 2" slit length 20000-100000 stars and planet-forming disks
* Doppler detection of terrestrial planets
around low-mass stars
* Doppler searches for exoplanets
High-Resolution Optical "l « Stellar abundance studies in Local Group
Spectrometer (HROS) | 0-31-11 v slit langth 50000 « ISM abundance/kinematics
* IGM characteristics to z~6
Wide"-field AO imager 08-50 30" imaging field 5-100 * Precision astrometry (e.g., Galactic Center)

(WIRC)

* Resolved stellar populations out to 10 Mpc




PRRN Diffraction Limited Imager, Slicer and
T™T Lenslet Integral Field Spectrograph

THIRTY METER TELESCOPE

NFIRAOS MCAOQO system
(Enclosure at -30C)

Imager 17°x17", 4 mas pixels

— Precision photometry

— 30microarcsec relative astrometry
Lenslet Integral field Spectrograph
— 128 x 128 lenses

— Bandpass: 5%/exposure

— Finest scales (4, 9 mas), best wfe SN
Slicer IFS B e - e

|
W Lenslet and slicer

— 45 slices, field up to 2”"x4” i
— 25, 50 mas scales

— Best sensitivity
|IFSs share camera and detector



<> Diffraction Limite
T™T Lenslet Integra

THIRTY METER TELESCOPE

* Imager 17°x17", 4 mas pixels

— Precision photometry

— 30microarcsec relative astrometry
* Lenslet Integral field Spectrograph

— 128 x 128 lenses

— Bandpass: 5%/exposure

— Finest scales (4, 9 mas), best wfe
« Slicer IFS

— 45 slices, field up to 2”"x4”

— 25, 50 mas scales

— Best sensitivity
» |FSs share camera and detector
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T™MT Motivation for IRIS

THIRTY METER TELESCOPE

 Should be the most sensi

* Unprecedented ability to i
0.01”" @ 5AU

5 pc

100 pc

1 kpc

8.5 kpc

1 Mpc

20 Mpc

z=0.5

z=1.0

z=2.5

z=h5

tive astronomical IR spectrograph ever built

nvestigate objects on small scales.
=36 km (Jovian’s and moons)
= 0.05 AU (Nearby stars — companions)
=1AU (Nearest star forming regions)
=10 AU (Typical Galactic Objects)
=85 AU (Galactic Center or Bulge)
=0.05 pc (Nearest galaxies)
=1pc (Virgo Cluster)
= 0.07 kpc (galaxies at solar formation epoch)
= 0.09 kpc (disk evolution, drop in SFR)
= 0.09 kpc (QSO epoch, Ha in K band)

S an

=0.07 kpe, (protogalaxies, Qs0s;rejonization)

1

LB

.[.

i

ll‘l.#

|
|

BEETEREEE

M3

Titan with an overlayed 0.05”
grid (~300 km) (Macintosh et al.)

1 Bulge with 0.1 grid (Graham et al.)

Keck AO images High redshift galaxy. Pixels are
0.04” scale (0.35 kpc).Barczys et
al.)
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T™T IRIS Conceptual Design Team

THIRTY METER TELESCOPE

« James Larkin (UCLA), PI, Lenslet IFS

« Anna Moore (Caltech), co-l, Slicer IFS

* Ryuji Suzuki, Masahiro Konishi, Tomonori Usuda (NAOJ), Imager
« Betsy Barton (UC Irvine), Project Scientist

« Science Team

— Mate Adamkovics(UCB), Aaron Barth(UCI), Josh Bloom(UCB), Pat Cote(HIA),
Tim Davidge(HIA), Andrea Ghez(UCLA), Miwa Goto(MPIA), James
Graham(UCB), Shri Kulkarni(Caltech), David Law(UCLA), Jessica
Lu(UCLA),Hajime Sugai(Kyoto U), Jonathan Tan(UF), Shelley Wright(UCI)

*  OIWEFS (On Instrument Wavefront Sensor) Team (HIA + Caltech)
— Led by David Loop, Anna Moore

« NSCU (NFIRAOS Science Calibration Unit) Team (U of Toronto)
— Led by Dae-Sik Moon
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5 Wide Field Optical Spectrograph

THIRTY METER TELESCOPE Seeing—limited, 0_3-1 mu

* Only optical capability for ~
first 5 years
— “Discovery”, “Diagnostic” and
survey science
» Echellette design

— Full wavelength coverage
— Blue and Red channels

— R ~1000 - 8000
— 9 x 4’ field
« Simple single barrel design
— 300mm pupils
— Fixed dichroic beamsplitter

Reflecting collimator, refractive camera
Prism cross dispersion

TMT Focal
Plane

(€

WFOS-MOBIE can trade
multiplexing for expanded
wavelength coverage in its
higher dispersion mode

S—pectral footprint in higher

25” apart, five orders

dispersion mode - 3” slits spaced




T% WFOS-MOBIE
Science Field Geometry
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Rebecca Bernstein (UCSC), PI
Bruce Bigelow (UCSC), PM
Chuck Steidel (Caltech), PS

Science Team: Bob Abraham(U Toronto), Jarle Brinchmann(Leiden), Judy
Cohen(Caltech), Sandy Faber(UCSC), Raja Guhathakurta(UCSC), Jason
Kalirai(UCSC), Gerry Lupino(UH), Jason Prochaska(UCSC), Connie
Rockosi(UCSC), Alice Shapley(UCLA)

Some “flagship” science cases, “work horse capability”
— High quality spectra of faint galaxies/AGN/stars
— IGM tomography

Great “follow-up” and “discovery” potential - full wavelength coverage with
spectral resolutions up to R = 8000

— JWST, ALMA, etc., follow-up
Sensitivity >14 x current 8m telescopes
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T™MT IR Multi-Slit Spectrometer

THIRTY METER TELESCOPE

(IRMS)

IRMOS (deployable MOAO IFUs) deemed too risky/expensive for first

light

=> |RMS: clone of Keck MOSFIRE, first step towards IRMOS

— Multi-slit NIR imaging spectro:
— 46 slits,W: 160+ mas, L: 2.5”
— Deployed behind NFIRAOS
— 2’ field
— 60mas pixels
— EE good (80% in K over 307)
— Spectral resolution up to 5000
— FullY, J, H, K spectra (one at a time
Images entire 2’ field

18]
(18

H
1
Slit width
0.8 l
0.6 =
0.4 on-axis
, edge avg
0.2}/ SL
DL
0
0 50 100 150 200

Radius (mas)
Whole 120" field




“ﬁ? InfraRed Multi-slit Spectrometer (IRMS)
wmemmere (KA K@CK/MOSFIRE on TMT)

1D
1
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T™MT IRMS Spectra

THIRTY METER TELESCOPE

|
-
o
U

n)

Detactor Pixel (sppt@l dire

"~1000 ~500 0 500 1000
Detector Pixel {diapersion direction)

Configurable Slit Unit originally developed for JWST (slits formed by opposing bars)
Full Y, J, H, K spectra with R ~ 5000 with 160mas (2 pix) slits in central ~1/3 of field



- A Key IRMS Project:

THIRTY METER TELESCOPE EXplOring the Early Universe

« Early Sources and cosmic reionization

— Synergy with JWST and 21cm surveys: Expect
JWST to detect brightest sources in each ionized
bubble. TMT, with AO, should go 1 mag fainter (or

more if objects are physically small)

« TMT IRIS, IRMS and NIRES will study detailed
properties of first galaxies and influence on IGM

— Pop Il stars (intense Hell 1640)

— Tracing SF (Ly Alpha) in ionized bubbles
— Escape fraction from Ly alpha profiles

— IGM at z > 7 using quasars or GRBs

IRMS science team now being formed, led by
Bahram Mobasher (UCR)

log F, [1.e+30 erg/s/A/M,]

—

N

Unlensed sizes ~30mas

Pop IIl: Salpeter IMF (1-500 M,)

vvvvvvvvvvv

AAAAAAAAAAAAA







Diffraction Limited 30m telescope
Designed as a system to deliver diffraction limited images in NIR
D**4 advantage => much more capable than 25m; cost scales as D**1.2
Possible to achieve high strehl for 30m aperture with near-term components
Instruments are feasible but challenging for 30m

Upgradeable to adaptive secondary

G 4
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TMT TMT Foundation Documents

EEEEEEEEEEEEEEEEEEEE

www.tmt.org/foundation-docs/index.html

Detailed Science Case (DSC)

Science-based Requirements Document (SRD)
Observatory Requirements Document (ORD)
Observatory Architecture Document (OAD)
Operations Concept Document (OCD)

TMT Construction Proposal



IR TMT Instrumentation and

TMT Performance Handbook 2010

® 160 pages covering Early-Light and First Decade
instrumentation (requirements and designs), instrument
synergies, and instrument development

® Updated information on WFOS and IRIS

@ All 2006 instrument feasibility studies were combed
systematically to extract all available science simulations,
and tables of sensitivities/limiting magnitudes/integration
times

Available at http://www.tmt.org/documents.html
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THIRTY METER TE

Foundation Documents

TMT has created a number of foundation

Foundation Documents | Thirty

Institutes and Progr

\ DOCUMENTS s

documents to guide the design and
implementation process. All of these

documents are reviewed, revised, and reissued
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