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• Black holes define many aspects of cosmic evolution 
• Were in place very early in the history of the Universe 
• What is their origin? Light seeds or heavy seeds? Did any of the massive BH form directly into 105 MSun objects?
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Key observations:   surveys over ∼1 deg2 down to f X ∼ 10−19 erg s−1 cm−2  to detect 
black hole seeds with MBH = 10,000 MSUN at z = 10 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• Exquisite data available on stellar, dust, and cold gas contents of galaxies. 
• Yet, there is a dearth of understanding of their exact formation mechanism 
• Main drivers are inprinted in hot CGM and in signatures of on-going feedback
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Key requirements: 

• <1″ PSF,  Aeff = 2 m2 to map CGM in 
emission to ~ 0.5 r200  

• R>5000 to probe CGM in 
absorption beyond virial radius
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~10 km s-1 velocity resolution at 1 keV
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Key capabilities: 
• Microcalorimeter with R=2000 at E = 0.6 keV to map 

velocities in ~ 100 km/s galactic outflows 
• Microcalorimeter with 0.5’’ pixels to study AGN feedback 
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• We are in the era of multi-messenger astronomy. Planet studies evolve to holistic assessment of habitable conditions. 
Leaps in data on star formation are needed to understand the galaxies and cycles of elements. 

• Science needs include observations of key high-energy processes associated with stellar birth, life, and death.
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�e Science of Lynx 3 �e Energetic Side of Stellar Evolution and Stellar Ecosystems
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Fig. 3.7— A Lynx survey of supernova remnants in a Local Group galaxy like M33 will reveal a panoply of exquisite
spectra with rich and highly diagnostic forests of lines. (Top) Two typical spectra of remnants from Type Ia and Type II
explosions, extracted from a simulated 100 ksec Lynx X-ray Microcalorimeter survey of a galaxy at the distance of M33.
�e exquisite so�-band spectral resolution of the instrument enables unique classi�cation of the parent supernovae.
(Bottom) �e view of SNRs and ongoing star formation in the Southern spiral arm of M33 (Credit: Long et al. [299]).
�e �eld measures 12.2′ × 5.8′. �e SNRs (yellow ellipses) were identi�ed by optical spectroscopy. Chandra detects 44%
of these at a 3 σ con�dence level. Lynx will detect all SNRs and determine the types of parent supernovae.

used to type SNRs. A Lynx survey of SNRs in the Local Group will enable a detailed exploration of
the SN activity in the past ∼ 104 years in relation to galactic environments, and to probe its e�ect on
energy feedback and metal enrichment.

New insights into supernovae explosion mechanisms — �e fundamental questions about super-
nova explosions are: which stars explode, and how do they explode? Lynx will provide new critical
information on both questions:

64
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• Statistical samples of 
SNRs (age, type, etc.) 

• SN activity & relation to 
on-going star formation 

• Sensitive XRB studies 
beyond the Local Group
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C R I T I C A L  A D V A N C E S  i n  

Cosmic Dawn, Galaxy Formation, Black Holes, Origin of Elements 

M A J O R  I M P A C T  o n  

Cosmology, Resolved Stellar Populations, Solar System Observations, Multi-Messenger Astronomy 

S I G N I F I C A N T  I M P A C T  o n  

Planets, Protoplanetary Disks, Very High Energy Astrophysics
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•Lynx can respond to a subset of ToOs within 3 hours of trigger 
•Will rely on extreme sensitivity, sharp angular resolution & spectroscopic capabilities: 
- X-ray chirp signal from merging supermassive black holes  
- Followup of LIGO A+ events  
- Prompt spectroscopy of gamma-ray burst afterglows

L Y N X  D I S C O V E R Y  S C I E N C E  
T I M E  D O M A I N  &  M U L T I - M E S S E N G E R  A S T R O N O M Y

�e Science of Lynx 4 �e Impact of Lynx across the Astrophysical Landscape
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Fig. 4.2— (Le�) �e surface density of an accretion disk near a binary supermassive black hole, shown on a logarithmic
scale. �e binary has a mass ratio of q = M2�M1 = 0.43. Circles indicate the expected tidal truncation sizes of the
circumprimary and circumsecondary disks. �is panel has been adapted from Farris et al. (2014) [325]. (Right) Tracks
of characteristic strain, hc , across the LISA band of binaries at z = 1 with mass ratios of q = 1�3 and di�erent primary
masses M1, as labeled. �e break in hc marks �ve years prior to the merger. Along each track, various marks indicate
times when (i) the binary enters the LISA band (vertical line), (ii) it is localized to 10 deg2 (blue circle), and (iii) the
tidal truncation radius of the circumprimary disk becomes smaller than 10 Rg (red triangle). �e dashed magenta curve
shows the projected sensitivity of LISA [69]. �is panel has been adapted from Haiman (2017) [326].

4.1.1 X-ray chirp signal from merging supermassive black holes

LISA will be exceedingly sensitive to mergers of SMBHs with masses ∼ 106 M⊙ [69]. As argued
in [326] and summarized brie�y below, there should be a distinct X-ray “chirp” that accompanies
the gravitational wave (GW) signal in these mergers. SMBHs with M ∼ 106 M⊙ are predominantly
located in gas-rich disk galaxies [7], and their binary black hole mergers should also proceed in
gas-rich environments [330], resulting in a high accretion rate on the binary BH. A number of recent
MHD simulations have concluded that while the inner structure of the binary’s accretion disk is
modi�ed [331], the BHs continue to accrete at high rates via narrow streams [325, 332–339], and this
continues even in the late stages of the merger, when the binary inspiral is driven by the GW radiation
[340, 341]. Each BH forms its own “minidisk” that is truncated by the tidal forces of the companion
BH (Fig. 4.2). Truncation radii are ∼ 100 rg when the binary enters the LISA band [342, 343]. �is is
a factor of ≈ 10× the size of the region where X-rays are produced by quasars [326, 344–348], but
comparable to the optically emitting region. �e truncation radius moves into the X-ray emitting
region only 2–3 days prior to the merger.

�ese considerations suggest that MBH ∼ 106 M⊙ black hole binaries should be uniquely visible in
the X-rays for much of the duration of the LISA event (c.f. Fig. 4.2). Relativistic Doppler modulations
and lensing e�ects will inevitably imprint periodic variability in the X-ray light curve, at the tens
of percent level, tracking the phase of the orbital motion and thus the GWs [326]. Modulations
will be especially strong for unequal-mass binaries, with components moving at high orbital speeds.
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•High-redshift star formation traced by X-ray binaries activity 
•Extrapolation of XRB populations to the Epoch of Reionization 
•Cross-correlation with 21cm signals
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Fig. 4.7— �e Lynx Legacy Field, a 10 square degree map of the largest structures in the Universe, is a notional 10 Msec
program that would reign among the Observatory’s most revolutionary achievements. Focused on a previously identi�ed
low-z large scale structure, this survey will reveal a massive galaxy cluster anchored to the void by Cosmic Web �laments
that have, thus far, never been truly observed. �e panel above shows a realistic mock of the so� X-ray surface brightness
from the Hydrangea simulation [400], with a true Lynx surface brightness sensitivity cuto� applied (see Appendix A.5).
A large mosaic of individual 100 ksec HDXI exposures, the Legacy Field will maintain sub-arcsecond imaging across
the entire �eld, and every individual 100 ksec footprint in the mosaic will reach a greater depth than the deepest region
of the 7 Msec Chandra Deep Field South. While the image of the �lamentary web and its cluster-scale node will be a
revolutionary achievement on its own, even “blank” regions of the image would contain an exquisite array of high- and
low-redshi� AGN, clusters, and groups (§1.2). �is is illustrated in the bottom two panels, which show (at bottom le�) a
zoom-in on a simulated single 100 ksec HDXI footprint of a “blank” region of the Legacy Field. Nearly seven thousand
discrete sources will be detected in a single 22′ × 22′ �eld of view. It is the ability to detect and mask these sources that
gives Lynx access to the very low surface brightness levels needed to reveal the Cosmic Web (Appendix A.5). �e lower
right panel shows a further zoom-in on this “blank” �eld exposure, revealing a blindly detected 3 × 1013 M⊙ galaxy
group at redshi� z = 3.27, the epoch of formation of the earliest galaxy groups and protoclusters. �e Lynx Legacy Field
will be among the richest X-ray datasets ever obtained, and reign as a lasting triumph of science.
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• AGN Surveys 
• LSS 
• Cosmology 
• Galaxy Evolution 
• Cosmic Web
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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 
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exquisite post-LSSTChandra results:  M*/L = 1.2 ± 0.6 Salpeter


