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“In astronomy, discovery
eclipses physics”
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Lab 
demonstration 
of stable X-ray 

fringes for 
baselines up 

to 1 m 
(‘telephoto’ 

mirror layout)

Create European 
XRI Testbed

B
uild and launch single-spacecraft X

R
I 

(~
10-100 !

as for ~
1-10 keV

) 

B
uild and launch constellation X

R
I (sub-!as) 

Develop 1-D large-area (100-1000 cm2) 
detectors with "/∆" > 1000

Manufacture/test 
optical elements with 

surface accuracy 
%/200 and %/1000

rms (@633nm) 

Thermo-mechanical 
stabilization of optical 

bench, pathlength 
equalization control

Develop high precision source finding (< 1mas) and 
pointing (<0.1mas) system

Develop high-precision relative station-keeping (<10 !m orthogonal to line-of-sight)

Improve source 
finding/pointing by > 1 

order of magnitude

E
nsure space

-qualification of optics and 
detectors

D
evelop separate collector &

 detector 
spacecraft designs
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An X-ray interferometry concept for ESA's Voyage 2050 program
Phil Uttley1, Michael Wise2, Roland den Hartog2, Richard Willingale3

and 23 co-authors* of the White Paper✢ submitted to ESA’s Voyage 2050 call 

X-ray focussing optics (Wolter-I)

Lab measurement of X-ray fringes for 
1 mm baseline: 0.1 arcsec resolution

Detector plane

X-ray Michelson interferometer

Detector plane

Chandra point-spread 
function: 0.5 arcsec HEW

Cash et al. 2000

Flat mirrors:
< 1 nm errors

Parabolic & hyperbolic 
mirrors: >> 1 nm 
pathlength errors in shaping

Cosimo Bambi (Fudan Univ.), Didier Barret (IRAP), Stefano Bianchi (Univ. Roma Tre), Michal Bursa (Czech Academy of Sciences), Massimo Cappi (INAF-OAS Bologna), Piergiorgio Casella (INAF-OA Roma), 
Webster Cash (Univ. of Colorado), Elisa Costantini (SRON), Thomas Dauser (Univ. Erlangen-Nürnberg), Maria Diaz Trigo (ESO), Keith Gendreau (NASA/GSFC), Victoria Grinberg (Eberhard Karls Universität 
Tübingen), Jan-Willem den Herder (SRON), Adam Ingram (Univ. Oxford), Erin Kara (MIT), Sera Markoff (Univ. Amsterdam), Beatriz Mingo (The Open Univ.), Francesca Panessa (INAF, IAPS), Katja Poppenhäger
(Leibniz Inst. for Astrophysics), Agata Różańska (N. Copernicus Astronomical Centre), Jiri Svoboda (Czech Academy of Sciences), Ralph Wijers (Univ. Amsterdam), Jörn Wilms (Univ. Erlangen-Nürnberg)
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● actual resolution 
✕ diffraction limit

Reaching the diffraction limit at X-ray wavelengths

A compact interferometer design

A roadmap for development

stars

exoplanets

X-ray binary orbits

sub-pc binary SM
BH 

AGN disk w
inds

AGN coronae 

lensed BH horizon

SM
BH 1 R

g

Sgr A* M87*
Single spacecraft

(1-10 keV
)

Form
ation flying

(1-10 keV
)

Left: 1-2 keV point-source sensitivity 
curves for 1000 cm2 collecting area, 
assuming AGN-like spectra. With 
arcmin-scale collimation, 
background should be dominated by 
cosmic rays. The dotted curves show 
the required Athena-WFI background 
at L2 and solar minimum. The solid 
curves assume shielding like that for 
the large area (m2) detectors on the 
proposed STROBE-X mission.

Above: an X-ray interferometer would be 
a true observatory, capable of resolving a 
wide range of objects across the universe.

Low mass star AU Mic (and transiting 
exoplanet) at 10 pc. Pixel size is 10 !as, 
which is just attainable on a single 
spacecraft. 

Accreting 109 Msol black hole at 30 Mpc, 
with corona above the accretion disk. 
The image is blurred to 1 !as resolution 
(< 100 m baselines).

The X-ray universe at !as resolution

* ✢
arXiv:
1908.03144

Astronomical telescopes have reached the diffraction limit ("#$%~ ⁄( )) at ultraviolet and longer wavelengths, but remain 4 or 
more orders of magnitude away in X-rays, with the challenge being the high-precision shaping and maintenance of curved grazing 
incidence mirrors to sub-nm precision. Moving to X-ray interferometry removes this limitation by using flat mirrors – fringes have 
already been demonstrated in the lab[1]. We propose to develop this technology for use in space with longer baselines.

NASA studied X-ray interferometry as the MAXIM[2]

and BHI[3] concepts in the 2000s. To form detectable 
fringes on detectors with 5-10 !m pixels, the 
combined X-ray beams collected by mirrors M1 and M3

should be offset by "* < 10”, leading to focal lengths 
/ = )/"* ≈ 4000/"45% km, which limited designs 
to extreme formation-flying concepts. Willingale[4]

proposed using an additional set of closely aligned 
mirrors M4 and M2 (the latter is slatted to admit the 
other beam) to compactify the length of the 
interferometer by a factor ⁄"6 "* (where "6 is the 
mirror grazing angle). This ‘telephoto’ geometry 
enables 10-100 !as resolution to be obtained on a 
single spacecraft, and much higher resolutions with 
compact (<10 km) formation flying.

Si pore optics slatted mirror prototype[5]

(cosine/Uni. Leicester)

We have proposed X-ray interferometry for a 
technological development program under 
ESA’s Voyage 2050 long-range plan for the 
2035-2050 time-frame. The biggest initial 
challenge is setting up a testbed for scaling 
and developing the optics to m-scale 
baselines. 
The non-focusing optics require detector areas 
to match the projected mirror areas but with 
sub-10 !m resolution (at least in 1-d): such 
large format CCDs already exist, but 
developing the same for calorimeter-
resolutions or polarimeters will be challenging. 
Longer-term, highly stable formation flying will 
be required and can be developed also for 
other interferometric applications in space.

[1] W. Cash, A. Shipley, S. Osterman & M. Joy. 2000, Nature, 407;  [2] W. Cash & 
K. Gendreau. 2004, Proc. SPIE, vol. 5491, 199;  [3] K. Gendreau et al. 2009, 
astro2010, page 87, Jan 2009;  [4] R. Willingale. 2004, Proc. SPIE, vol. 5488, 581;  
[5] R. Willingale et al. 2013, Proc. SPIE, vol. 8861, 8861S
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z = 3.27 galaxy group

H D X I 100 ksec, 0.5 - 2 keV

2’

3 × 1013 M☉



H D X I 100 ksec, 0.5 - 2 keV

Lower z clusters & groups

High z active galactic nuclei

5’



H D X I 100 ksec, 0.5 - 2 keV

Lower z clusters & groups

High z active galactic nuclei

5’

z=2 cluster, 100 ksec



High z active galactic nuclei
z=2 cluster, 100 ksec

5’

H D X I 100 ksec, 0.5 - 2 keV

Lower z clusters & groups

E V E RY  1 0 0  K S E C  H DX I  E X P O S U R E  i s   
D E E P E R  t h a n  t h e  7  M S E C  C H A N D R A  D E E P  F I E L D  S O U T H



5’



 from a “ B L A N K ”  
part of the sky

H D X I  F O O T P R I N T

22’

7, 0 0 0  S O U R C E S



100 ksec 

H D X I  F O O T P R I N T S

1.255°

1 0  M E G A P A R S E C S



t h e

L E G A C Y  F I E L D

1 0  S Q U A R E  D E G R E E S
1 0  M E G A S E C O N D S  

1.255°

1 0  M E G A P A R S E C S
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400 parsecs
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5 kiloparsecs

�e Science of Lynx 3 �e Energetic Side of Stellar Evolution and Stellar Ecosystems
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RCW 49 & Westerlund 2
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HST + Chandra
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Nobody ever measures the stellar mass. That is not a 
measurable thing; it’s an inferred quantity. You measure light, 
OK? You can measure light in many bands, but you infer stellar 
mass. Everybody seems to agree on certain assumptions  that 
are completely unproven.

Carlos Frenk, 2017 May 15 (44:48) 

Order-of-magnitude variations in brighness when stellar field shifts by 
10s of μas.

Macrolensing gives full mass

Microlensing gives mass in stars

t h e  S T E L L A R  I M F  v i a  Q U A S A R  M I C R O L E N S I N G
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Quasar microimages

Lensing Galaxy

exquisite post-LSSTChandra results:  M*/L = 1.2 ± 0.6 Salpeter

https://tinyurl.com/y6jx4j8y
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L Y N X  M I C R O C A L O R I M E T E R
V E L O C I T Y  M A P

1 kpcSchneider et al. (2018)

S I M U L A T E D  L Y N X  /  H S T  C O M P O S I T E

X - R A Y  W I N D

0 km s-1-100 +100

~10 km s-1 velocity resolution at 1 keV

S I M U L A T I O N

Structure of the galactic wind with 1 arcsec spatial 
and 30 km/s kinematic resolution
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�e Science of Lynx 4 �e Impact of Lynx across the Astrophysical Landscape

O N E  Y E A R

X - R A Y  R E F L E C T I O N  I N  T H E  G A L A C T I C  C E N T E R

Fig. 4.10— Above: Chandra image of the re�ected compo-
nent in the central region of the Galaxy. �is component can
easily be separated from other background and foreground
components using its distinct spectral shape. Right panels
show changes in the 4–8 keV images on a time scale of one
year in a small patch located ∼ 20 pc from Sgr A*. �e ge-
ometry of the illuminated region is uniquely set by the time
delay due to propagation of scattered light from Sgr A* to
the cloud, and then to the observer. Knowing the age of
the outburst allows reconstruction of the 3D location of the
re�ecting molecular gas with respect to Sgr A*.

Right: Predicted X-ray re�ected emission, which will be
observed from the circles shown above in a 100 ksec LXM
observation. �e model shown in blue corresponds to the
contribution of unresolved compact sources in the GC region
(i.e., the background for X-ray re�ection measurements).
Figure adapted from [436]. Energy (keV)
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with ALMA [445, 446], where reconstruction of the 3D density probability distribution function
(PDF) is problematic because of leakage of the large scale power [447].

However, Nature o�ers us a unique diagnostic tool for studying clouds in the Central Molecular
Zone of the Milky Way. �ey re�ect X-rays from short and powerful past outbursts of Sgr A* that are
short enough to remove all adverse projection or opacity e�ects in the “re�ected” signal (Fig. 4.10).
�is re�ected X-ray emission has a very characteristic spectral shape, which facilitates its clean
separation from other background and foreground components. As a result, the evolving X-ray
surface brightness distribution is tightly linked to the underlying density �eld of the molecular gas.
�is o�ers a truly unique opportunity to determine the 3D location of the illuminated clouds with∼ 10 pc accuracy and to reveal their internal structure down to 0.1 pc scales.

�e �rst application of this method using Chandra produced results consistent with the expec-
tations for quasi-isothermal supersonic turbulence, although statistical noise was still high [448].
Measurements with the Lynx microcalorimeter will be orders of magnitude more accurate because
of a higher throughput, LXM spectroscopic capabilities on 1′′ spatial scale, and a longer baseline for
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 branch



If an object does not appear in Lynx images,  
it does not exist!!

a  N E W  G R E A T  O B S E R V A T O R Y  r e c i p e :  A = 2  m2 ×  (PSF/0.5″ )–2

X-ray discovery engine with profound 
impact across all of astrophysics

strong and easily understandable 
model constraints

the most economical way to high sensitivity




