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I’m going to give you all a whirlwind tour of the LUVOIR mission concept. 

There’s a lot to cover – science, technology, and the study itself. 

But I’ll go into a little more detail on one particular science goal, which is the search for life on the world around other stars. 

We’re in the process of making a number of science and instrument choices, and I hope to tap your expertise to help us. CLICK
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Let’s begin with a high-level overview of LUVOIR. The acronym stands for “Large UV / Optical / Infrared Surveyor”.

LUVOIR is a concept for a mission in the tradition of Hubble, a multi-wavelength observatory with very broad science capabilities. The team has decided to study two distinct observatory architectures, one large and one really large. LUVOIR will also carry several very different kinds of instruments at once.

We envisage LUVOIR as a serviceable and upgradable facility lasting for decades.  Also, we want at least 90% of the time to be GO. This will allow it to remain at the forefront of space science for an extended period and give our community the power to answer scientific questions that we haven’t thought of yet.

Our study co-chair Brad Peterson like to call it “the space observatory for the twenty-first  century”.  He frequently notes that of HST’s 10 greatest discoveries (according to National Geographic) , only one was listed as an initial goal for the mission. CLICK


@y

- £ £ : - '-
. ™

™ Y, -~ Hubble Ultra Deep Field
/""?‘ . ~ (ultra-deep imaging) .

- - F ¥ z J

|
Sy .
y S &
Y -l .
- 4 r__ =
H ‘%
: > '?."? b
.,

‘ Eagle Nebula ; e
(high resolution over W|de fleld)f: T8

L

i - ’ . - = :
March 6, 2018* # Big Bang toffiosignatures: The LL:VOIR Mission Concept 3


Presenter
Presentation Notes
I’d like to take a moment to look back and think about some of the science that was uniquely enabled by HST. 

In each of these cases, HST provided an observing capability that would not have been available from ground based facilities:  

High-resolution imaging over wide fields of view, 

UV observations, and 

Ultra-sensitive observations including images of the faintest galaxies in the early universe. CLICK





Imagine Astronomy with LUVOIR ... @

Low-mass galaxy atz=2 Low-mass galaxy atz =2
with HST with 15-m LUVOIR

Credit: G. Snyder (STScl)
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Now let’s imagine astronomy with a facility like LUVOIR.  On the left is an image of a nearby galaxy reduced in spatial resolution to simulate a low-mass galaxy at z=2 seen with Hubble. CLICK

On the right is the same galaxy as it would be imaged by a 15-m optical space telescope. CLICK


Imagine Astronomy with LUVOIR ... @

Pluto with HST Pluto with 15-m LUVOIR

Credit: NASA / New Horizons / R. Parramon
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Here’s another dramatic illustration of LUVOIR’s capabilities. On the left is Pluto as imaged with Hubble. CLICK

On the right is the New Horizons image of Pluto, reduced to the spatial resolution of a 15-m optical space telescope. CLICK


=
Monitoring Solar System Ocean Moons @

Europa jets observed Europa jets observed
with HST with 15-m LUVOIR

Roth et al. (2014) UV hydrogen emission Credit: G. Ballester (LPL)
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Here is my personal favorite solar system remote sensing science case for LUVOIR. 

This image shows UV auroral emission from Europa observed with HST. This Lyman-alpha emission comes from dissociation of water vapor in jets emanating from the surface. CLICK

And here is a simulation of how Lyman-alpha emission from Europa would look to a 15-m UV telescope.

With LUVOIR, one could monition the ocean worlds of the outer solar system for such activity and resolve the individual jets. CLICK
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Now I’ll go into more depth on LUVOIR’s exoplanet science cases. 

Possibly the most important goal for the mission is to find true Earth analog exoplanets around nearby solar-type stars and search them for signs of life. To do that, we’ll need to directly image Earth-size planets in the habitable zones of those stars. 

This is a simulation of the inner Solar System viewed at optical wavelengths from a distance of 13 parcsec with a 12-m LUVOIR. The enormous glare from the central star has been suppressed with a coronagraph so the faint planets can be seen. CLICK

Jupiter, Earth, and Venus are visible outside the inner working angle, within which nothing can be imaged because of suppression by the coronagraph mask. The inner working angle of a coronagraph is proportional to the wavelength of observation over the telescope diameter. 

Interestingly, Venus has an unexpected blue-ish color.  This is because  Venus is right at the coronagraph inner working angle. So the IWA is smaller in the blue than the red, and more of the red light is blocked, distorting the planet’s color. CLICK


=
Searching for Life
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But images of planets, as attractive as they are, are not the real goal. What we want is spectra of light coming from the planet, also known as direct spectra.

Direct spectra are much less sensitive to clouds, hazes, and refraction than transit spectroscopy, which can only probe a planet’s upper layers. Simulations have shown that probing the whole atmosphere of Earth-like planets around solar-type stars can only be done with direct spectroscopy.

In particular, the ultimate goal is to see if small rocky planets in the habitable zones of nearby stars are truly habitable and if they in fact harbor life.

But I do want to remind folks of one thing. Earth is unique in the Solar System, in that it is the only planet teeming with surface life that strongly affects the atmosphere. From a practical point of view, this is probably the only kind of life that we can both recognize and detect remotely with astronomical observations. So astronomers focus on Earth-like planets is not entirely self-centered, but is rather an observational constraint.

So let’s consider the Earth’s atmosphere. You may already have seen this but there is a point coming. This is a high-quality direct spectrum of the Earth in reflected light from optical to near-IR wavelengths. The rise in brightness on the far left is literally our blue sky. CLICK





=
Searching for Life
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This narrow feature is an absorption band of molecular oxygen, coming from  photosynthesis. CLICK
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Searching for Life
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These deep, broad absorption features come from water vapor, pointing to liquid water on the planet’s surface. CLICK
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Searching for Life
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And finally, over here is part of a methane feature. In our atmosphere, methane is largely produced by bacteria in the guts of our livestock and in swamps. 

Oxygen and methane could not be present in our atmosphere at the observed concentrations without life. They are in disequilibrium, making them biosignature gases. This is what we want to observe in exoplanet atmospheres. CLICK
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Now for a reality check.  Here is a simulated direct spectrum of the Earth observed with a coronagraph on a 15-m LUVOIR. 

First, let’s look at the planet-to-star flux ratio on the y-axis. Earth is about 10 billion times fainter than the Sun at optical wavelengths. So we need to suppress the central star by about that much before we can see the planet. The best coronagraphs on sky right now are achieving contrasts of about 10^-6, although contrasts of a few times 10^-9 has been achieved in testbeds.

Second, in addition to being much fainter than the star, the Earth is intrinsically faint, about magnitude 30 in V band. That’s about two magnitudes fainter than the faintest sources in the Hubble Ultra Deep Field. And a coronagraph can’t cover this entire wavelength range simultaneously. It takes 4 days per coronagraph band to get this good quality spectrum even with a 15-m aperture. CLICK

Third, you can see that the data are horribly noisy longward of about 1.8 microns. This is due to the increasing thermal background from the telescope itself, which is heated to a temperature of 270 K in this simulation. One might ask why we’d heat a space telescope to almost room temperature. A major reason is to improve our control over the stability of the telescope, which is needed for extreme starlight suppression. We’ll only be able to collect data at wavelengths longer than 1.8 um for the very nearest Earth candidates. However, we’ll be able to get spectra of brighter planets at these wavelengths, so it’s still worth having the capability. CLICK


Early Earth Had a Different Spectrum
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In times past, astronomers have focused almost solely on the modern Earth when thinking about how to find biosignatures. But the Earth has changed radically over its inhabited history. During much of that time, there was little oxygen in the atmosphere.

This figure shows the spectrum of the modern Earth and a model spectrum of the Proterozoic Earth about 2.5 billion years ago. There are some interesting differences. There is additional methane absorption near 1.7 microns in the Proterozoic spectrum, but the O_2 absorption band is not detectable.

So how would we know this planet is inhabited? In the modern Earth, the ozone absorption band near 0.2 microns is too strong to be a useful means of measuring the atmosphere’s oxygen abundance. 

But its strength is an advantage in the Proterozoic spectrum, where it reveals the presence of low oxygen concentrations. This pushed us to carefully consider where we put the short wavelength cutoff of our coronagraph. CLICK


Observational Challenges:

1. Determine the state of the atmosphere - access many molecules

2. Measure abundances - observe multiple bands of same molecule
3.  Rule out false positives = broad bandpass & UV spectrum of star
LUVOIR’s Approach:

1. Observe over a broad wavelength range

0.2 — 2.0 ym contains absorption bands of O,, O3, O,, H,0, CO, CO,, CH,
2. Carefully characterize host stars (LUMOS, POLLUX)

3.  Enable observations of habitable planets at longer wavelengths by building a
large aperture & decreasing the inner working angle (IWA~ A/ D)
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As you can see, confirming that we’ve found an inhabited planet is not straightforward, even when we’re only considering the Earth around the Sun. And I haven’t even gone into all the ways that oxygen can build up in a planet’s atmosphere without life, especially for planets around stars that are different from the Sun. 

That work has shown that understanding the state of an atmosphere, and whether a particular gas is in disequilibrium or not, requires measuring many molecules, not just a couple of possible biosignature gases. This is a strong motivation for us to observe planets over as broad a bandpass as we can. We want to cover 0.2 to 2.5 microns, giving access to O_2, O_3, O_4, H_2O, CO, CO_2, and CH_4. CLICK

A broad bandpass also makes abundance measurements easier, by allowing us to observe bands of varying strength for the same molecule. CLICK

If we have a broad bandpass and can observe the UV spectrum of the host star, we should be able to rule out false positive oxygen biosignatures. Laying out the exact strategy for doing this is one of the most important things we need to do in the LUVOIR study. CLICK

But as I mentioned before, the inner working angle of a coronagraph goes as lambda over the telescope diameter. Planets observable just outside the IWA in the optical will be unobservable in the near-IR.  The only way to change that is to increase the diameter of the telescope, which is one of the drivers on the LUVOIR aperture. CLICK
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Larger Telescopes Survey More Stars @
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But perhaps the strongest driver on the size of the LUVOIR telescope is the desire to have a large sample of exoEarth candidates to study. This figure shows real stars in the sky for which a planet in the habitable zone can be observed. The Sun is at the center. 

Most of the accessible stars are solar-type FGK stars. The color coding shows the probability of observing an exoEarth candidate if it’s present around that star (green is a high probability, red is a low one).

This is a visualization of the work of Chris Stark at STScI, who created an advanced code to calculate yields of exoplanet observations with particular facilities. Here we adopt an optimized coronagraph with a 4-m unobscured telescope. Assuming that the fraction of stars with Earth-size planets in the habitable zone is 10%, about 6 candidates are observed.  CLICK
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But perhaps the strongest driver on the size of the LUVOIR telescope is the desire to have a large sample of exoEarth candidates to study. This figure shows real stars in the sky for which a planet in the habitable zone can be observed. The Sun is at the center. 

Most of the accessible stars are solar-type FGK stars. The color coding shows the probability of observing an exoEarth candidate if it’s present around that star (green is a high probability, red is a low one).

This is a visualization of the work of Chris Stark at STScI, who created an advanced code to calculate yields of exoplanet observations with particular facilities. Here we adopt an optimized coronagraph with a 4-m unobscured telescope. Assuming that the fraction of stars with Earth-size planets in the habitable zone is 10%, about 6 candidates are observed.  CLICK
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For an 8-m unobscured telescope and the same coronagraph parameters, the number of candidates observed goes up to about 25. CLICK
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Larger Telescopes Survey More Stars @
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With a 16-m unobscured telescope, we get about 100 candidates. In sum, the candidate yield increases approximately as D squared. CLICK


=
How Many Candidate Habitable Planets Do We

Need to Observe to Find One With Water?

Required number of habitable
planet candidates

5% 10% 30% 50% 70% 90%
Percentage of candidates with water

Credit: C. Stark / A. Roberge
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How many rocky habitable zone exoplanets need to be observed? The bar chart shows the number of candidates needed to discover one potentially habitable planet (at the 95% confidence level), for different values of the percentage of rocky habitable zone planets that have atmospheric water vapor. 

If the percentage is 10%, then 30 candidates need to be observed, as illustrated in the planet montage on the right. To put it another way, if 30 candidates are observed and no water vapor is detected, then we learn that < 10% of rocky habitable zone planets are actually Earth-like. CLICK
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Searching exoEarth candidates for biosignatures is probably the hardest thing we’re asking LUVOIR to do.  With that capability, a wealth of other exoplanet science comes along, permitting a real explosion in comparative planetology. 

This is a figure that I call the “exoplanet zoo”. It shows model spectra a hot Jupiter, a warm Jupiter, a couple of warm Neptunes, Jupiter itself, a sub-Neptune, an Earth-like super-Earth, and Earth itself.  

All these kinds of planets and more would be observable with LUVOIR. For the brighter planets, very high-quality spectra could be obtained. CLICK


[R = 250 for brighter planets, R = 150 for Earth, Super-Earth, Sub-Neptune]


The LUVOIR Architectures @
Architecture A

e [3-m diameter telescope Instruments

o Fits in d.4-m fairing ECLIPS A
o Space launch System Block 7 LUMOS A

* Bulk of work completed High-Definition Imager
« Refinements in progress POLLUX

Architecture B

* d-mdiameter telescope Instruments
e Fits in a-m fairing ECLIPS B

« &g, Uelta IV Heavy, Falcaon Heavy LUMOS B

HDI B

* Work began in September 2017
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The LUVOIR Instruments

Observational challenge

Faint planets next to bright stars

Extreme Coronagraph for Llving
Planetary Systems (ECLIPS)

Contrast < 10-10
Low resolution imaging spectroscopy

Bandpass: 0.2 uym to 2.0 ym

Tech development via WFIRST
coronagraph
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Now I’m going to turn to the instruments we’ve chosen to study. I want to emphasize that these are only a subset of the instruments that could be chosen for LUVOIR, either in first or subsequent generations.

One of our observational challenges is to directly image faint exoplanets next to bright stars. CLICK

Our solution to this is the Extreme Coronagraph for LIving Planetary Systems (ECLIPS). This instrument features ultra-high contrast capability, low resolution imaging spectroscopy with an IFS, and a very broad near-UV to near-IR bandpass. 

While this is a challenging instrument, a huge amount of progress is being made through the WFIRST technology demonstration coronagraph. CLICK



The LUVOIR Instruments

Observational challenge

Very cold to very hot gases

LUVOIR UV Multi-Object
Spectrograph (LUMOS)

R =500 - 63,000

Bandpass: 100 nm to 400 nm

FOV: 3 x1.6' (FUV), 1.3 x 1.6° (NUV)

FUV imaging channel
Heritage from STIS, COS, & NIRSPEC

Europa geysers

R . v
P T N

HST STIS UV instrument
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The UV provides access to a wide range of atomic and molecular gases, with temperatures ranging from a few kelvin to 10 million kelvin. Therefore we are studying the LUVOIR Ultraviolet Multi-Object Spectrograph (LUMOS). 

This instrument provides multi-object, multi-resolution spectroscopy using a micro-shutter array. The bandpass is currently 100 nm to 400 nm, but we are considering extending this into the optical. There is also a far-UV imaging channel.

The design and technology of this instrument draws on heritage from STIS and COS on HST, sounding rockets, and NIRSPEC on JWST. CLICK




The LUVOIR Instruments

Observational challenge

Imaging the ultra faint and very small
at high resolution

High-Definition Imager (HDI)

2 x 3 arcmin field-of-view
Bandpass: 0.2 ym to 2.5 pym
Nyquist sampled

Micro-arcsec astrometry capability
(measure planet masses, etc.)

Heritage from HST WFC3 & WFIRST

HST Wide Field Camera 3
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Space-based telescopes can naturally provide sensitive high resolution imaging over large fields of view. To take advantage of this, we are designing the High-Definition Imager (HDI).  This instrument has a near-UV/visible channel and a near-IR channel. The two channels can observe the same patch of sky simultaneously, or operate separately for maximum sensitivity. 

The instrument also includes a detector calibration system that will allow it to perform micro-arcsecond astrometric observations, enabling exoplanet mass measurements and proper motions of extragalactic sources. 

HDI, like all LUVOIR instruments, can be operated in parallel. So, for example, while ECLIPS makes a long stare at an Earth-like exoplanet, HDI can produce an image 4 magnitudes deeper than the Hubble ultra deep field. CLICK


POLLUX: a European contribution to the
LUVOIR mission study

» UV spectro-polarimeter with high resolution point-source
capability (R ~ 120,000).

» Circular + linear polarizations and unpolarized light

» Defined & designed by consortium of 10 European institutions,

with leadership/support from CNES

» Builds off Arago mission concept. Instrument study could serve as
basis for a future ESA contribution to LUVOIR
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The 4th LUVOIR instrument is POLLUX, a high-resolution ultraviolet spectro-polarimeter. 

This instrument is being studied and designed by a consortium of European institutions, with leadership and support from the French Space Agency. 

This study builds off the work done for the Arago mission concept, and could serve as the basis for a future ESA contribution to LUVOIR.  CLICK


Design Your Own Observations Using Our Online Tools
http://asd.gsfc.nasa.gov/luvoir/tools/

Large UV/Optical/l

Science Design Team Tools Events Participate Resources

This page links to performance simulation and visualization tools for the LUVOIR mission, a future ultraviclet / o
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LUMOS Spectroscopic ETC
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UV MOS Visualizer
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Planetary Spectrum Generator
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Sample Observation: Spectrum of Proxima Centauri b

Proxima Centauri b: Earth-like planet
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LUVOIR could provide the first spectral observations of the exciting small exoplanet
around the star nearest to the Sun. The figure shows a simulated spectrum of Proxima Centauri b
created using the LUVOIR coronagraph noise model. Note the simultaneous presence of O2and
CH4in the visible and NIR caused by M dwarf photochemistry (Meadows et al. 2018, in press).
The simulated data points assume a 15-m telescope with IWA = 2 l/D, a 24 hour integration time
per coronagraphic bandpass, and 5% total system throughput. Orange vertical lines indicate
where the IWA would cut off the longer portion of the spectrum for a 6.5-m, a 9-m, and a 15-m
telescope. The larger error bars at shorter wavelengths are caused by the declining brightness
of M dwarf stars at these wavelengths, but the error bars at NIR wavelengths are small. Proxima
Centauri b is therefore a viable target for coronagraphs with small IWAs on large telescopes.



Sample Observations: An “Exoplanet Zoo”
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Simulated LUVOIR spectra of planets orbiting Sun-twin stars at 10 pc. The simulated
data plotted with grey bars were generated using the online LUVOIR coronagraphic spectroscopy
tool, assuming the LUVOIR-A architecture (15-m telescope), exposure times of 96 hours per
coronagraph band, IWA = 4 l/D, and OWA = 64 l/D. Input model spectra are over-plotted
with colored lines. The Venus model spectrum was provided by the Virtual Planet Laboratory
(VPL), generated using the Spectral Mapping Atmospheric Radiative Transfer (SMART) model
(Meadows&Crisp 1996; Crisp 1997). The Super-Mars model was created by scaling a Mars
model spectrum from VPL to a radius of 1 REarth and an orbital separation of 1 AU. The warm
Jupiter model spectra are from Cahoy et al. (2010) and the warm Neptune model spectrum is
from Hu&Seager (2014). Image credit: LUVOIR Tools.



Technological Challenges

Deployment of large segmented telescope

To be demonstrated by JWST

LUVOIR Architecture A (15-m) Credit: A. Jones (GSFC)
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We have completed a preliminary design for LUVOIR Architecture A, which has a 15-meter diameter primary mirror.  We are currently in the process of refining this design, but for now, here is a visualization of the observatory. CLICK

The secondary mirror deploys in a JWST-style, and the primary mirror wings fold out. There is a sunshield, with fewer layers than JWST’s. Between the telescope and the spacecraft, there is a non-contact vibration isolation system. A gimbal allows the telescope to have a field of regard larger than the full anti-sun hemisphere. And we are designing the telescope to make servicing the spacecraft and swapping instruments as easy as possible. CLICK

[ Silhouette person = 5 feet, 6 inches = 1.676 m
15 m = 8.95 persons ]


LLLLLL

Technological Challenges @

Need heavy lift launch vehicle with large fairing

Suitable vehicles (SLS and commercial) in development

Compatibility of UV and coronagraphy

New lab work shows UV reflective mirrors are just fine for
coronagraphy

Ultra-high contrast observations with a segmented telescope

Coronagraphs can be designed for segmented telescopes.
Working hard to demonstrate needed system stability

Series of short, readable “LUVOIR Tech Notes” available at
http://asd.gsfc.nasa.gov/luvoir/tech/
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STDT Voting Members @

Jacob Bean Daniela Calzetti Rebekah Dawson Courtney Dressing
(Chicago) (U Mass) (Penn State) (UC Berkeley)

Debra Fischer Brad Peterson
(Yale) (Ohio State / STScl)

Lee Feinberg Kevin France Olivier Guyon
(NASA GSFC) (Colorado) (Arizona)

i S -2 ‘ 0 L =
Mark Marley ~ Leonidas Moustakas ~ John O’Meara  Vikki Meadows llaria Pascucci  Marc Postman  Laurent Pueyo
(NASA Ames) (JPL) (St. Michael's)  (Washington) (Arizona) (STScl) (STScl)

David Redding Jane Rigby Aki Roberge  David Schiminovich  Britney Schmidt  Karl Stapelfeldt Jason Tumlinson
(JPL) (NASA GSFC) (NASAGSFC) (Columbia) (Georgia Tech) (JPL) (STScl)
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Community Participation in LUVOIR @

10 non-voting reps. of international space agencies

Community Working Groups

e Exoplanets

e Cosmic Origins
e Solar System

e Simulations

e Communications

e Technology

Instrument Teams

March 6, 2018 Big Bang to Biosignatures: The LUVOIR Mission Concept 32



Upcoming Meetings
May 10 — 11: Face-to-face meeting at NASA Goddard

Observers welcome at all LUVOIR meetings & telecons




Get Involved with LUVOIR

http://asd.gsfc.nasa.gov/luvoir/
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Summary @
LUVOIR has multiple primary science goals

(1) - Habitable exoplanets & biosignatures

(2) -Broad range of general -astrophysics and Solar System
observations

LUVOIR will blend these goals into a single powerful mission
o - Detect & characterize potentially habitable planets
s, Place limits on*the frequency of habitable & inhabited worlds
¢ . “-Significantly advance our knowledge of planets of all types

e Advance Goal #2 by factors of 100 relative to Hubble

Wide range of capabilities to enable decades of - future
Investigations and unexpected discoveries
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LUVOIR

BACKUP
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Difference between LUVOIR and HabEx?

Both LUVOIR and HabEx have two primary science goals

e Habitable exoplanets & biosignatures

e Broad range of general astrophysics (% »

The two architectures will be driven by difference in focus

e For LUVOIR, both goals are on equal footing. LUVOIR will be a general purpose
“great observatory”, a successor to HST and JWST in the 8 — 16 m class

e HabEx will be optimized for exoplanet imaging, but also enable a range of general
astrophysics. It is a more focused mission in the 4 — 6.5 m class

Similar exoplanet goals, differing in quantitative levels of ambition

e HabEx will explore the nearest stars to “search for” signs of habitability &
biosignatures via direct detection of reflected light

e LUVOIR will survey more stars to “constrain the frequency” of habitability &
biosignatures and produce a statistically meaningful sample of exoEarths

The two studies will provide a continuum of options for a range of futures

March 6, 2018 Big Bang to Biosignatures: The LUVOIR Mission Concept
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=
What Will LUVOIR & HabEx Cost? @

Quite simply, we don’t know (yet)
One of the major goals of these studies is to get accurate total mission cost
estimates

Internal team costing and independent costing by Aerospace Corp. will
happen as part of the studies

Both teams are planning to study two mission architectures, each with
different apertures and capabilities. Will provide a range of options covering
a range of possible futures

It is the responsibility of the Decadal Survey to judge the optimal science-
to-cost ratio

It is not straightforward to intuit the total cost of a space observatory
(complex process with many important parameters)
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Presentation Notes
Talking points on cost if asked …

Quite simply, we don’t yet know what LUVOIR will cost. Determination of an accurate cost for LUVOIR is a critical desired result of the study. 

The LUVOIR team will begin internal cost and risk estimates in mid 2018. Furthermore, NASA will contract for an independent cost and risk analysis, to take place in early 2019. The study aims to achieve greater cost fidelity though increased design and technological detail. A technology development plan, with schedule and cost, will also be presented in the Final Report. Commercial and industry partners will also contribute cost, technology development, and risk analyses. The results of all these analyses will appear in the LUVOIR Final Report. [Appendix C]

Furthermore, we’re going to demonstrate the scalability of the architecture by studying two sizes of LUVOIR, as is the HabEx team. Ultimately, it is the responsibility of the Decadal Survey to judge the optimal science-to-cost ratio.

However, I’ll point out that the telescope was only 17% of the total cost of JWST. Having a warm LUVOIR telescope will save a lot of the costs JWST incurred for being cryogenic. In sum, it is not straightforward to intuit the total cost of a mission by extrapolating based on a single parameter.



Are we alone?



Which Stars Will LUVOIR Survey? 5%
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Which Stars Will LUVOIR Survey?

F2V stars G2V stars
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A Closer Look at the Earth Through Time @

Archean Earth
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UV Spectra from LUMOS Will Be Essential &
for Interpreting Observations of Exoplanets
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Where Are the Signs of Habitability? @

Habitability Markers

__
A S S —

Ocean gin 050 (opimal _

Table from LUVOIR Interim Report
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Where Are the Biosignatures? @

Biosignatures & False Positive Discriminants (indicated with *)

Molecules/Feature 0.2-1.8 um 1.8 -2.5pum

0.2, 0.63, 0.69, 0.76, 1.27

0.2 - 0.3 (strong), 0.4 - 0.5

0.345, 0.36, 0.38, 0.45, 0.48, 0.53, 0.57, 0.63, 1.06, 1.27
(strong)

0.6,0.79,0.89,1.0, 1.1, 1.4, 1.7

1.5,1.7,178 20,2.11,2.25
Organichaze | <06 | |
Vegetation Red Edge 0.6 (halophile), 0.7 (photosynthesis) _

Table from LUVOIR Interim Report
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Finding & Interpreting Biosignatures with LUVOIR

Is this star \ 1. Use precursor information to establish target list
promising?

IS this a planet? \ 2. Multi-color point-source photometry and proper motion

habitable zone?

Is there water? \ 4. Search for atmospheric water /

What is the star like? \5. Characterize the star. Determine planet masses /

Mass of the planets?
, , 6. Search for biosignatures &
Are there signs of life? constrain H,0 abundance

: . 7. Check O, biosignatures
Are the signs of life robust? \ aren't false positives /

_ _ 8. Extend spectrum to find
What is the atmospheric context? additional features

Are there other biosignatures?  \J: 00serve NUV &
Strength of the greenhouse effect? longest \'s

Is this planet in \ 3. Constrain orbits

How does the planet vary
with time? (e.g. seasons)

(D4S9 VSVN) PloMSLS) | JIpai)
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How do we fit in?



How Might We Appear?

Modern Solar System in true color

Neptune 3:2

resonence \

~ -
_________

Gap carved by
Jupiter

30 AU
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LUVOIR

Credit: Roberge et al. 2017
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Presentation Notes
The architecture of the modern solar system, showing the interplay between planets and debris dust. The left panel shows a model of the entire system out to a radius of 50 AU from
the Sun, while the inset panel zooms in on the inner system. For ease of viewing, the Sun and possible astrophysical background sources are not included. The bright region at the center of the image is emission from warm debris dust (aka. exozodiacal dust). Two gaps in the dust are visible, the inner one caused by Jupiter and the outer one marking the 3:2 mean motion resonance with Neptune. 


Credit: ESA/A.-M. Lagrange
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LUVOIR can peer into the unseen inner regions of young planetary systems. This image shows the famous Beta Pictoris debris disk, with the gas giant exoplanet Beta Pic b imaged
at two epochs in its orbit (2003 and 2009). The semi-major axis of the planet’s orbit is ~ 10 AU (Lagrange et al. 2010). This planets is likely responsible for the long known “warp” in the inner portion of the dust disk (e.g., Heap et al. 2000). The inset panel shows a blow-up of the innermost region with the LUVOIR-A coronagraph inner working angle (red circle) and outer working angle (orange circle) overlaid. LUVOIR can search for warm dust and additional planets in the region between the two circles. 
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Presentation Notes
Observing the terrestrial planet forming regions of young exoplanet systems with LUVOIR. As a function of telescope diameter, the plot shows the distance out to which a coronagraph with IWA = 4 l /D can observe the warm region inside the ice line of a Sun-like star (~ 3 AU) at 400 nm. The mean distances to a few nearby young (≤ 100 Myr) stellar associations are indicated with horizontal lines (BPMG = Beta Pic Moving Group, TW Hya = TW Hydrae Association, Tuc-Hor = Tucana-Horologium Association, Pleiades = Pleiades Open Cluster). Observing within the ice lines of Sun-like stars in the Pleiades requires a telescope with D ≥ 15 m. 


LUVOIR Can Conduct Detailed Studies of
Solar System Bodies

LUVOIR
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Circles show distance out to
which individual solar-type
stars can be detected

Provides ages and star
formation histories

Need LUVOIR to reach the
nearest giant elliptical
galaxies

@D = Large Elliptical Galaxy
<*> = |Large Spiral Galaxy

= Dwarf Galaxy
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Presentation Notes
Like Hubble, LUVOIR’s science cases span a huge range of topics, including cosmology, galaxy evolution, star and planet formation, exoplanets, and solar system remote sensing. 

I’ll highlight a single science case in general astrophysics, which is understanding how stars form in all kinds of galaxies. 

This map shows the galaxies within 12 mega-parcsecs of the Milky Way. The circles show the distance out to which individual solar-type main sequence stars can be detected.  Detecting such stars allows astronomers to find the main sequence turnoff in stellar populations, providing ages and star formation histories. 

HST and JWST can only do this in very nearby galaxies, several dwarfs and two large spirals (one of which is Andromeda). With a 9-m telescope, we can accurately determine the star formation history of nearest giant elliptical galaxy. To reach the Coma Sculptor Cloud of galaxies, we’ll need a 15-m telescope. CLICK



How we're doing the study @

Four large mission concept studies started in Jan
2016 to prepare for Astro2020 Decadal Survey

e LUVOIR

e Habitable Exoplanet Imaging Mission (HabEX)

e Origins Space Telescope (formerly Far-IR Surveyor)
e Lynx (formerly X-Ray Surveyor)

Study office and engineering team at GSFC

Science and Technology Definition Team

e 24 voting members from community
e 10 non-voting reps. of international space agencies
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