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will it be possible in the future to realize large, complex, basic science missions
like HST, Chandra and JWST? If yes, How?

space-related investments have grown exponentially in recent years, exceeding
$0.5 trillion in 2023, when privateinvestment surpassed government investment
for the first time

can space science take advantage of the benefits:of themnew space economy to
reduce cost and development time and atthe same time Stiéceed In producing
powerful missions in basic science?



NASA cuts

EY2024 FY2_027 FY2026 EY House House report
Enacted President Senate CJS CJS Report change from
budget | Report P FY2024
Science total /300 3907 /300 6000 -18%
Astrophysics 1530 523 1605 1485 -3%
Planetary 5247 1891 2552 2500 8%
science
Heliophysics 805 433 887 625 -22%
carth 2195 1036 2166 1325 40%
science
STEM 143 0 148 0 -100%
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science the endless
frontier

the birth of the American

scientific vision

The fact that the annual deaths 1n this country
from one or two diseases alone are far in excess oI the
total number of lives lost by us in battle during this
war should make us conscious of the duty we owe future
generations.,
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Third: What can the Government do now and in the future
to aid research activities by public and private organl-
zations? The proper roles of public and of private re-
search, and their interrelation, should be carefully
consldered,

The diffusion of such kncwledge should help u
stimulate new enterprises, provide jobs for our re-
turning sc¢rvicemen sand other workers, and make possibli
oreat strides for the improvement of the nationel well-
| 4 10F .

Second: With particular 1 n ) the war of scilenc:

-~

1’.1','r|t' .':l‘.;:,,._-q_ ',;..
. e Al

Y | - -
v A s b | Mmwilos U .:: t’(- r., h - '.-l '..' !-1 - '-o . "... t/ (:' nz‘ F-’ ".' l.‘ ] Z -~ '.i IJ r (“ v
- -~ » -~ ~ < +s 4 P { » | !
gram for centinuing in t
- - ’ e - . - £y H 2T A ) <
done in medicine and relsted sclencesy

ah s e A hwA "

e T




cience the endless
frontier

- -
HMIIS N
ARV AL »

the birth of the American
scientific vision

Fourth: Can an effective program be p
covering and developing sclientifil
youth that the continuing futu
in this country may be assured on a
what has been done during the war?
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science the endless frontier

the birth of the American scientific vision

 Vannevar Bush, director of the Office of Scientific Research and Development
(OSRD) the organization that managed all research and development activities
during the war, including the Manhattan Project and the invention of radar

» the starting poing of the report: SCIENTIFIC PROGRESS IS ESSENTIAL (capital
letters)

e ..progress in the fight against disease depends on the flow of new scientific
knowledge. Responsibility for medical research, which is fundamental in the fight
against disease, lies with medical schools and universities, which must be

financed for the most part directly by the government

» _.full employment can be achieved through the creation of many new businesses,
but these must be based on new principles and new concepts, which in turn

derive from basic scientific research



science the endless frontier

the birth of the American scientific vision

e ..basic research is scientific “capital.” The real reservoir for the production of new
scientific knowledge ... Iis the number of trained scientists available

e ..establish a new "agency” to achieve all these goals. The new agency should
have stable funding so that long-term programs can be undertaken. The agency
must recognize the importance of preserving freedom of research. Government
funding of basic research is the “pacemaker” of technological progress

* the report led to the creation of the National Science Fundation in 1950. The
latest budget (2025) was 8 billion $ for basic research (e.g. LIGO, Vera Rubin,
Gemini, Kitt Peak, NRAO (JVLA, ALMA...) etc. etc.

e 2025: Trump administration proposes to cut this budget in half (nearly zeroed
astrophysics)



outline

e basic science from space
* the new space economy

* public funding: pros and cons for large missions, metrics for science mission
SUCCESS

 toward a new generation of ambitious and affordable space science missions

e conclusions



basic science from space

main astrophysics themes emerged in the past 25 years

e exoplanets
* black holes - galaxy scaling relations - black hole direct imaging

* the accelerated expansic‘of the Universe

* multimessenger astrophysics J

* 11 Nobel Prizes in the past 14 years: S. Perimutter, B. Schmidt, A. Riess, R.
Weiss, B. Barish, K.Thorne, M. Mayor, D. Queloz, R. Penrose, R. Genzel, A. Ghez



basic science from space

* the four themes were NOT among the main science drivers for
NGST/JWST

* Instead, in the Decadal report “Astronomy and Astrophysics in the
New Millennium” one reads that: NGST “is designed to detect light
from the first stars and to trace the evolution of galaxies from their
formation to the present. It will revolutionize understanding of how
stars and planets form in our galaxy today... thanks to Kuiper Belt
objects (KBOSs) in our solar system, the formation of stars and planets

In our galaxy, and the dust emission from galaxies out to redshifts of
3”...



basic science from space

« JWST is doing a great job on all 4 main themes! it was designed to
be a multipurpose observatory that pushes the sensitivity by orders
of magnitude with respect to previous or contemporary facilities,
opening up new “discovery space”

e this did not come for free;

 cost: $10 b (cannibalization of other astrophysical programs, e.qg.
BE)

e develpment time: 23 years
* complexity/risk
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basic science from space

» Astro 2020 decadal survey recommendedhas its highest-priority a “large (~6 m
aperture) infrared/optical/ultraviolet(IR/O/UV)‘space telescope” (now called
the Habitable Worlds Observator, HWO), with a deployment date slated for
sometime in the 2040s and at an estimated cost of $11 B

* by the time of HWO launch, somewhere In the next 20-25 years, new
scientific themes are likely to emerge, and exoplanets may fade in relative
importance. Will the discovery space of HWO be large enough to
accommodate other breakthrough discoveries, as for JWST?

» would NASA and ESA be willing or able to embark.on a new JWST-scale
project?



basic science from space

* in April 2024 NASA paused the original JPL-led Mars Sample Return project
* in July 2024 NASA ended the Moon VIPER rover project
« Can HWO and Artemis (and MSR) coexist?

* One alternative to expensive, multipurpose observatories is to have multiple
dedicated missions:

 ESA Gaia, Euclid, NASA Probes, Explorer program



dedicated science missions

Gaia yearly publication counts (in total 13403)
Updated 2024-12-12
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dedicated science missions
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This year’'s Rossi Prize names Martin Weisskopf (NASA Marshall Space Flight

Center), Paolo Soffitta (National Institute for Astrophysics in Italy, or INAF), and
the IXPE team. It says the Rossi Prize is being given “for their development of
the Imaging X-ray Polarimetry Explorer whose novel measurements advance our
5

cations per year
¥

2NN

understanding of particle acceleration and emission from astrophysical shocks,
black holes and neutron stars.”



the new space economy

Spread of innovative products (penetration rate in US households, %)

‘- 1937 1939 1950 1962 1964 1980 1988 1995 2003
80%

1890 1900 1923 1950 1960 1972 1984 1990 2006 20109g020Q

Electricity . Radio @® Automobile Colour TV Microwave @ Cellular phone . Internet Low Earth orbit broadband

Source: US Census Bureau; The New York Times; Enjeux-Les Echos




the new space economy

Global Space Activity by Category, 2007-2027
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Graphic: The Space Foundation



2024 Space Economy Valuation

.in USD
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the new space economy

Figure 1. $8 billion invested in 2022 across 154 deals.
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business In space Is enabled by resources

Standard, literature scheme:

* |ocation is a key resource, today by far the most important

e solar light Is a second obvious resource

* materials will (may)be important resources on mid/long timescales

This misses a crucial point!
* knowledge enables harvesting all other resources!!!

... and basic science researchers are the best suited to
produce knowledge useful for space enterprises



iInnovation paradigm: three main pillars

* technology innovation, proceeding through both disruptive innovation and
iIncremental innovation Gartner hype cycle

Technology Trigger | Peakof ! Troughof Slope of Plateau of Productivity

Inflated Disillusionment; Enlightenment

EO Macroscopic |
Expectations

Capability “S

Iraditional
EO Satellites

Product Performance
Expectation

\ Al-based & VLEO
EO Satellites




iInnovation paradigm: three main pillars

* technology innovation, proceeding through both disruptive innovation and
iIncremental innovation

* business innovation, defined as vertical integration, scale production and
service oriented business model

» cultural innovation. Startups must have a bold-risk culture, which manifests in
risk openness project management models, for example the Agile
methodology, which breaks projects into several “sprints” and delivers a
Minimum Viable Product (MVP) at the end of each sprint



strategic vs commercial paradigm

geopolitical influence, no risk, no
incentive to bring down cost

make money, low cost, risk openess

military advantage

quality of life, wellness, proportional to
Innovation

need new invention

allow new Invention

Technological development Is pushed

Technological development is pulled

single missions but distributed
procurement, artisanal production

constellation, vertical integration, scale
production

timing Is not a driver

time iIs money, fast deliver is mandatory




strategic vs commercial paradigm

* most space astrophysics has been funded so far by Governments
under the strategic paradigm with ‘€lear connection/synergies with
military programs. many examples:

« HST shares common design with NRO KH-11 Kennen
 Roman uses a 2.4 primary mirror donated by NRO

* NIR/IR detector developer for military purposes

o Swift fast repointing developed by military

o JWST segmented berillum primary mirror developed jointly by

NASA & DoD: Advanced Mirror System Demonstrator (AMSD)
program



Feature JWST Implementation Military Synergies Examples/Impacts
Enables compact, high- Used in EO/IR sensors for UAVs
Lightweight |Gold-plated segments for performance optics in drones, |(e.g., Predator drones); DoD
Beryllium 25.4 m? collecting area; satellites, and aircraft; X-ray |satellites for missile warning.
Mirrors stable at cryogenic temps. |transparency aids secure Enhances stealth via lighter
comms. designs.
e (Critical for high-altitude or  |Misslle seekers (e.g., AIM-9X
: Maintains shape at 30-50 K; Sidewinder); space-based infrared
Cryogenic . . space-based IR sensors L

g low thermal distortion for . . . systems (SBIRS) for ballistic

Stability . . detecting heat signatures in - L
precise alignment. . missile defense. Improves reliability
extreme environments. . . .
INn hypersonic scenarios.
Segmented/ |18 segments with actuators Supports scalable, folldable Adaptive optics in military
. . . optics for small satellites or  |telescopes (e.g., ground-based
Deployable for on-orbit phasing; survives . _
Desi L deployable arrays in contested|laser systems); future deployable
esign launch vibrations. . .

orbits. surveillance sats..

. . Enables real-time wavefront |Laser weapon systems (e.g.,
Precision 1132 actuators total; aligns to |, -0 i i dynamic HELIOS): gimbal-stabilized EO/IR
Actuation & [<25 nm rms surface error . . . . .

. environments like airborne turrets on ships/aircraft. Boosts
Alighment post-deployment.

targeting.

accuracy in electronic warfare.




JWST Implementation Military Synergies Examples/Impacts

| high- Used in EO/IR sensors for UAVs
Double Sun Shield I all s in drones, |(e.g., Predator drones); DoD

1996 elliptical (S
8x4.5m design

Inner Baffle
X >
\
Space ' .
Support Module )
Science airborne turrets on ships/aircraft. Boosts

Instrument

Module accuracy in electronic warfare.



strategic vs commercial paradigm
Geology

* large energy oil and gas companies have financed most of the extensive and
costly drilling in the US (>4millions oil wells, >10trillion$)

o data (drill bits, logs etc.) public >2-5yr from drilling

e often “In-kind” to balance the exchange: public entities offer free expertise In
exchange for data. This reduces costs for private entities (~20-30% in R&D)
and accelerates research

e crucial subsurface data for understanding the structure and geological history
of the continent: plate tectonics, mapping structures such as faults and
sedimentary basins



Roadside geology, Calgary - Banff (Trans-Canada Highway). Geological Survey
of Canada, 1994
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launch cost

* the starship revolution will not be limited to cost to orbit. Starship
performance will make it unnecessary to spend time and
resources to minimize mass and size, which will change the way
not only how the satellites will be built but, more importantly, how
the missions are architected.



satellite cost

Satellite Multi |Weight kg Cost M$ Cost M$/kg
JWST 1 6500 9000 1.4
Europa clipper 1 6000 5200 0.9
Euclid 1 2000 15102 0.762
IXPE (SMEX) 1 330 138 0.42
HERMES-PF 3U 6 6 0.867 0.144a
Standard 3U CubeSat 5 0.1-0.4 0.02-0.08
Planet Lab 3U 100 5.2 ~0.1-0.4 0.02-0.08
Skysat 10 110 ~3.9° ~0.032
Starlink1 1000 260 ~0.25 ~0.001
Starlink 2 mini 1000 730 ~0.8° ~0.0011
Starlink 2 1000 1500 ~1.2" ~0.0008




public funding pros & cons

basic science missions are possible

single missions, sometime high risk

funding more stable than in private sector

intrinsically limited funding: ESA-NASA
budgets

spin-off possible

limited incentives for spin-off, reduced
efficiency in innovation, difficulty in hiring
best personnel, hierarchical organization of
research teams, complexity of
administrative procedures

possiblility to exploit synergies with
strategic programs, military




public funding pros & cons

basic science missions are possible single missions, sometime high risk

MRO New Horizon JWST

N / Stereo e
.

strategic programs, miliary I




standard science mission cost driven by

* pushing scientific requirements to extremes with little regard
for engineering realities

* minimizing launch mass and volume because of high launch
costs and limited fairing volumes produces more complex
engineering solutions, i.e. JWST's "origami” unfolding

* use of space qualified parts

e failure is not an option leads to large numbers of quality
control procedures to reduce the risk of failure. ESA ECSS
foresees >15000 requirements for standard missions, mostly

on quality standards
e gquasi-monopoly suppliers



the cubesat example

CSWWE 2012
miniaturization - |
standardization of hardware
components, using COTS

components, use of flight proven
EEE instead of radhard EEE.

reduced cost of manpower In
Universities and research institutes

less demanding quality control
procedures

so far CubeSats have not been able to take advantage of two key
elements of cost reduction: production at scale and vertical integration



toward new ambitious but affordable science missions

applying the CubeSat & Explorer approaches to larger spacecraft

two main steps:
* a broader funding base

e |INnnovation



broadening the funding base

private investors:
* advertising their activities;

e profit opportunities in activities such as planetary protection, or
exploration of Moon, Mars and Asteroids for resource prospecting,
Or using science mission to test advanced technologies;

* buy knowledge
philanthropic foundations

public-private partnerships as in e.g. NASA Commercial Orbital

Transportation Services (COTS) and Commercial Lunar Payload
Services (CLIPS)

inter-governmental organizations like the European Commission



Innovation

* make the requirements smart, where you end Is not where you start. iterative
approach to achieve the main science goal, during which the science
requirements are continually challenged and gquestioned, with rapid iteration
at each step of the development process

* before looking for complex technical solutions we must be sure they are really
necessary to reach our main scientific objectives

» exploit as much as possible vertical integration and scale production,
commercial buses:

e starshield
e https://www.k2space.com/
e https://www.apexspace.com/



https://www.k2space.com/
https://www.apexspace.com/

Approaches to lowering the cost of large space telescopes

Ewan S Douglas®, Greg Aldering®, Greg W. Allan®, Ramya Anche?®, Roger Angel?®, Cameron C.
Ard?, Supriya Chaklabaltl Laird M. Close?. Kevin Der] oyv?, Jerry Edelstein®, John Ford?.
Jessica Gersh-Range!, Sel »astiaan Y. Haffert?, Patrick J. Inomham Hyukmo Kang?, Douglas
M. Kelly?*, Daewook Kim?®, Michael Lesser?®, Jarron M. Leisenr mga, Yu-Chia Lin?, Jared R.
Males?. Budd\ Martin?. Blan(a Alondra Payan?, Sai Krishanth P.M.?, David Rubin®, Sanford

Selznld\h Ky le Van Gorkom?, - Buell T. Jannuzi®, and Saul Pelhnuttelbel
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adapt smallsat (cubesat, explorer missions)
to enable large basic science missions

 bus ~10MEur
https://www.apexspace.com/order-now
 P/L up to 150kg ~10MEur

» system engineering & system AlT
~10MEur

e launch ~10MEur

» precursos, GS, operations and margings | 5"®
~10MEur

e Total 50MEur
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adapt smallsat (cubesat, explorer missions)

bus ~10MEur

https://www.apexspace.com/order-now

P/L up to 150kg ~10MEur

system engineering & system AlT
~10MEur

launch ~10MEur

precursos, GS, operations and margings
~10MEur

Total 50MEur

to enable large basic science missions
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adapt smallsat (cubesat, explorer missions)
to enable large basic science missions

Pioneer program: enabling
cost-effective, but impactful,
science missions.

Pandora "X

0.45m ONIR telescope for simultaneous - ,
photometric & spectroscopic )
observations - ~20M$ A
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adapt smallsat (cubesat, explorer missions)
to enable large basic science missions

ESCAPADE

Escape and Plasma Acceleration and
Dynamics Explorers

2 spacecrafts to be operated In

Mars orbit manufactured by
Rocket Lab: <80M$


https://www.apexspace.com/order-now

where to start? back to the Moon!

* 130 missions so far, 13 currently operational, >40 in the next
5-10 years

* public-private engagement

* global interest: Artemis, ILRS but also India, Japan, Korea,
UAE, Australia, Israel, Brazil, SA etc..

e Lunar economy moves $8-10B/year CSIS report 2024

https://csis-website-prod.s3.amazonaws.com/s3fs-public/
2024-10/241021_Swope_Swimmimg_Upstream_0.pdf
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Moon Mine

Lunar envnronment has a Iot to offer

Earth Use

Light Rare Earth Metals

EEEEE

Current and Potential Use
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Current and Potential Use .
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Current and Potential Use
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Potential Use
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Of the Moon

Bombardment
Structure trom core to crust

Rock diversity and
distribution

Polar volatiles (e.g. ice)

Volecanism
Impact processes

Regolith

Atmosphere, plasma and
dust

Tectonics

On the Moon

Habitability of the Earth
through time

Life in the Universe
Survivability in space

Physiology and medicine

Fundamental physics
Space physics

History of the Sun and Solar
System

Impact rate

Earth-Moon formation

From the Moon

Radio astronomy

Optical and infrared
astronomy

Cosmic ray astronomy
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metrics for science mission success
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