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In many cultures and traditions, Lynx is a symbol of supernatural vision, a feline that
can see through the trees and rocks.
It is a common historical symbol of science
and the search for knowledge, keen
insight, and the ability to see the true
nature of things.
Much of the baryonic matter and the
settings of the most active energy release
in the Universe are visible primarily or
exclusively in the X-rays, so…

Lynx :
X-ray vision
into the “Invisible Universe”
for true understanding of the origins
and underlying physics of the cosmos

Illustris simulation: stellar light

Gas temperature
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Development of the “Universe of Galaxies” from initial conditions

Agertz & Kravtsov simulations: gas temperature
field in two models. red is T>106 K

Galaxy formation is driven by insufficiently understood / observed
resolved, and very complex processes:
reionization; radiative cooling of the gas; star formation; stellar
mass loss & type I SNae; feedback from star formation; cosmic
ray physics in the ISM; black holes — BH seeds, gas accretion on
BH’s, BH mergers; AGN feedback.
OIR data don’t provide enough constraining power.
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Much of CGM / IGM is fundamentally an “X-ray medium”,
and observable with Lynx
Oppenheimer etal ’16: EAGLE simulation: Oxygen census and Ionization Fractions

Galaxy Mass

L*
L* galaxies: only 30% of O is locked in stars, >50% is in CGM; ~80% of that is observed
in X-ray transitions (OVII at 0.57 keV, OVIII at 0.65 keV)

Much of CGM / IGM is fundamentally an “X-ray medium”,
and observable with Lynx
Cosmic Web simulation clipped at the
Lynx sensitivity threshold

Hot gas in galactic halos and
Cosmic Web filaments will be
observable in emission with
direct imaging and in
absorption in X-ray gratings
spectra of background AGNs.

log T, K

Mock Lynx observation of gas halo in a galaxy
from Illustris Simulation. Credit: R. Kraft, A.
Bogdan, S. Nulsen, J. ZuHone
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Phase diagram for the
baryons in the Local
Universe (theoretical
prediction from Davé et
al. 2010). Heated gas
(T>105 K) in virialized
halos and Cosmic Web
accounts for >40% of all
baryons by mass.

Feedback from star formation
WIYN + HST + Chandra view of M82

Spitzer + UKIRT + Chandra view of NGC 6357

Feedback from star formation is apparent on scales from individual
young star forming regions to the entire galaxy. Lynx will observe it all.

Star Formation Feedback: Galaxy Winds
M82 wind: Optical + Hα (WIYN & HST)

M82 wind: X-rays (Chandra)

Galaxy-scale winds:
- energy & momentum budget
- launching mechanisms & sites
- transport of metals
- interaction with dust and neutral gas components
- statistics

Feedback: Self-quenching in Young Star Forming Regions

Spitzer + UKIRT + Chandra view of NGC 6357

Generation of hot ISM in young star forming regions, destruction of
star formation “fuel” (cold gas seen in the optical & IR)

Feedback: Self-quenching in Young Star Forming Regions
Young Stars

NGC6357: X-rays (Chandra)

Hot ISM

NGC6357: Hα + IR (Spitzer & UKIRT)

• Chandra X-ray data is a great tool for finding young stars. Lynx will
be orders of magnitude better
• Hot ISM is seen as “blobs” in Chanra images. Statistics and data
quality with Lynx will be comparable to the OIR data.
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Stellar Astronomy with Lynx
From Simplicity to Complexity: The
Advantage of High Spectral Resolution

X-rays Trace Magnetic Structures in Cool Stars
X-rays Trace Magnet

VWcorona
Cep; Huenemoerder et al. 2003
coronally active star (Osten et al. 2002) vs.
Coronal activity, magnetic field structure,
dynamo,
X-ray emission follows the more
+accretion shock + warm post-shock plasma (Brickhouse
massive
star in the binary
Hussain et al.from
(2012) looked
at phasestars, winds
OB
stars,
etc.
et T
al. Tauri
2010) revealed
through
high
resolution
spectroscopy
folded Chanda/HETG spectra of the
nearby eclipsing M dwarf binary YY
Gem to investigate magnetic structure
on cool stars

Lynx will provide >5x spectral resolution, and
>100x spectral
throughput resolution
relative to Chandra
Need
at lowgratings
E

Hussain et al. (2012) looked at phasefolded
spectra
the
See
R.Chanda/HETG
Osten’s talk
on of
Wed
nearby eclipsing M dwarf binary YY
atGem
thetoLynx
splinter
session
investigate
magnetic
structure
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Feedback from Black Holes
Expected to be a critical
component of feedback in L > L*
galaxies
Lynx will provide a detailed view
of every aspect of the BH
feedback process

Agertz & Kravtsov simulations: gas
temperature field. red is T>106 K

Feedback from Black Holes
Energy and momentum flux in BH-generated outflows from spectroscopy:
Credit: Joey Neilsen

Agertz & Kravtsov simulations: gas
temperature field. red is T>106 K

NGC 4051, 100 ks
Calorimeter
CAT Gratings
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Chandra HETG observation of NGC1068
(Evans et al.)
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Feedback from Black Holes

XRS HDXI 50 ks

Athena WFI 50 ks

Where, exactly how, and how much of the AGN outburst energy is dissipated in galaxies,
groups, and clusters?
Agertz & Kravtsov simulations: gas
temperature field. red is T>106 K

Credit:Edmund Hodges-Kluck

Residual images and power spectra

Lynx spectrum from 2x2 arcsec region
in Perseus (~1 mean free path)

Credit: Irina Zhuravleva

Athena

Simulated XMIS spectra of 2x2 arcsec2 region of Perseus
(500ks)
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P2D: initial spectra of SB fluctuations

Assume
150km/s turbulence
150km/s bulk velocity offset
(formally reconstruct these velocities to ±20km/s)

Athena
XRS
Lynx
P2D-Poisson noise

Poisson noise

Feedback from Black Holes
Medium-deep Lynx Surveys will
expose the emergence of prevalent
BH population in galaxies after z=~6,
in a range of galaxy types and density
environments.
Lynx will find and characterize the
first generation of groups of MWsized galaxies around z~4.
kT=2 keV galaxy group at z=4 and hundreds of
AGNs expected in a Lynx survey

X-ray Luminosity Function of AGNS
Ueda et al. (2014)
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First Accretion Light in the Universe

• Origin of supermassive black hole seeds: remnants of Pop-III stars
with M ini ~ 102 Msun vs. “heavy seeds” with M ini ~ 104–105 Msun
• X-rays as tracers of star formation & metallicity in the early galaxies
• Cross-correlation of X-ray and 21cm backgrounds from the onset of the
reionization epoch

Flux limit for SMBH seeds science
LX is due to bright high-mass X-ray
binaries born within ~107 years of
the starburst. LX = 5x1039 erg s–1 per
1 M⊙/yr of star formation in the 2–10
keV band unaﬀected by absorption.
Up to ×10 higher output possible at
high-z due to low metallicity of
stellar population
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Figure 5. An illustration that pure luminosity evolution can provide an acceptable fit to the observed evolution of the galaxy luminosity function over
the redshift interval 6 < z < 8. The blue and red data-points show the
SWML determination of the galaxy luminosity function at z = 7 and z = 8
from this work, while the green data-points show the determination of the
z = 6 luminosity function from McLure et al. (2009). The corresponding
curves show the results of fitting the binned LF data with Schechter functions where the faint-end slope and overall normalization have been held
constant at representative values (↵ = 1.9 and ? = 0.00085 Mpc 3
?
respectively) but the characteristic magnitude (M1500
) has been allowed to
?
float. In this scenario M1500 evolves by ' 0.3 magnitudes per z = 1
?
?
interval, changing from M1500
' 20.3 at z = 6 to M1500
' 19.7
at z = 8. It can be seen that this simple parameterization is capable of
satisfactorily reproducing the observed data.

X-ray predictions for z=10:

whether a simple luminosity evolution parameterization can continue to provide an adequate description of the observed evolution
at z 6. To investigate this issue we simply fit Schechter functions
to the binned SWML luminosity-function data at z = 6, 7 & 8,
?
allowing M1500
to float as a free parameter, but keeping ? and
↵ fixed at representative values (↵ = 1.9 and ? = 0.00085
?
Mpc 3 respectively). In this simplied scenario we find that M1500
evolves by ' 0.3 magnitudes per z = 1 interval, changing from
?
?
M1500
' 20.3 at z = 6 to M1500
' 19.7 at z = 8. It is immediately clear from Fig. 5 that, within the constraints of the current
data, it is still perfectly possible to reproduce the observed lumi-

X-ray + OIR view of Antennae
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PBH=0.001 for galaxies with
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N > 10 deg–2

Nature of supermassive black hole seeds
Simulated 2x2 arcmin deep fields observed with JWST, Lynx, and ATHENA
JWST

•
•
•

4 Msec, Lynx

4 Msec, 5″ resolution

JWST will detect ~2×106 gal/deg2 at its sensitivity limit (Windhorst et al.). This corresponds to 0.03
galaxies per 0.5″ X-ray Surveyor beam (not confused), and 3 galaxies per ATHENA 5″ beam
(confused).
Each X-ray Surveyor source will be associated with a unique JWST-detected galaxy. Limiting
sensitivity, ~1×10–19 erg/s/cm2, corresponds to LX ~ 1×1041 erg/s or MBH ~ 10,000 MSun at z=10 —well
within the plausible seed mass range.
X-ray confusion limit for ATHENA is 2.5×10–17 erg/s/cm2 (5× worse than the current depth of Chandra
Deep Field). This corresponds to MBH ~ 3×106 MSun at z=10 — above seed mass range. Confusion in
O&IR id’s further increases the limit (MBH~107 MSun at z=8 is quoted by ATHENA team).
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Key Science Requirements for Lynx mission

•

High sensitivity in the soft X-ray band. First Accretion Light
science requires mirror effective area >~ 2 square meters at
E < 2 keV.

•

High angular resolution — at least ~ Chandra-like — is key for
nearly all Lynx science.

•

Detectors should provide fine imaging, low internal background,
and high resolution, spatially resolved spectroscopy.

•

Very high spectral resolution (R >~ 5000) in the soft band.

Overall envelope of the Lynx mission concept

Overall envelope of the Lynx mission concept

⌀3m, f=10m mirror system,
with Chandra-like total mass

Leap in sensitivity:
High throughput with sub-arcsec resolution

•
•
•

×50 more effective area than Chandra.
×16 larger solid angle for sub-arcsec imaging — out to 10 arcmin radius
×800 higher survey speed at the Chandra Deep Field limit

Lynx mission concept in a nutshell

•

Ambitious concept for X-ray optics. Mirrors work at grazing incidence, and are tightly packed into a
~3m diameter envelope. New technologies are needed for manufacturing such a mirror.

•

We currently aim at ~ 0.5″ angular resolution (half-power diameter), detailed trades are pending

•

Focal length ~10m, providing 0.2-10 keV energy band

•

A suite of 3 advanced science instruments, with requirements TBD. Instrument Working
Group is in place
X-ray microcalorimeter array with ~1″ pixels
High-definition X-ray images (Si-based active pixels array)
X-ray gratings with high efficiency and spectral resolving power >~ 5000

Next-Generation X-ray Mirror
New mirror is built from densely packed thin mirror
elements. 3.0m outer diameter. ~1200 kg for 2.3m2
of collecting area

Chandra mirror shells are 2.5cm thick.
1,500 kg for 0.08m2 of collecting area

Innovative technologies for mirror elements are pursued at
MSFC, SAO, GSFC, MIT, etc. Optics Working Group is in
place, with a charge to facilitate technology development,
industry participation, and assist the STDT with the trades
and development of the technology development roadmap.

LYNX
X-ray vision into the “Invisible Universe”
for true understanding of the origins and underlying physics of the cosmos

•

Leaps in Capability: large area with high angular resolution for 1–2–3 orders of magnitude gains
in sensitivity, field of view with subarcsec imaging, high resolution spectroscopy for point-like and
extended sources. May be possible with a Chandra-like overall mission envelope.

•

Scientifically compelling: frontier science from Solar system to first accretion light in Universe;
revolution in understanding physics of astronomical systems.

•

Synergy: Great synergy and complementarity with the next-generation facilities —JWST,
WFIRST, GSMT, ALMA, SKA, ATHENA
Please come to the Lynx splinter session & Hyperwall presentations!
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BACKUP SLIDES

Comparison of survey capabilities:
Flux limit vs. area for a 15 Msec program

Chandra
SRG/eRosita
ATHENA

X-ray Surveyor

×800 higher survey speed at the Chandra Deep Field limit

X-ray Surveyor Science Goals
The Big Questions:
How Does The Universe Work? and How Did We Get There?
Science goals mapped into the structure of the Science Working Groups:
• First Accretion Light in the Universe
• Cycles of Baryons in and out of Galaxies
• Physics of Energy Feedback
• Physics of Cosmic Plasmas
• Stellar Lifecycles
• Evolution of Structure and AGN populations
• Physics of High Density Matter, Compact Objects, and Accretion

