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The Dawn of Black Holes 

The Invisible Drivers of Galaxy 
and Structure Formation 

The Energetic Side of 
Stellar Evolution and 
Stellar Ecosystems 

Illustris-TNG simulation: galaxies

JWST deep fieldLynx deep field

Illustris-TNG simulation: gas

 Stellar birth, coronal physics, 
feedback

 Endpoints of stellar 
evolution

 Impact of stellar activity 
on habitability of planets 



Lynx Current Baseline Architecture 

• Large X-ray telescope (0.2 – 12 keV) 
–  Largest ever combination of aperture size and angular resolution in X-ray band 
–  Effective area  2 – 3 m2 at 1 keV  

–  High angular resolution – 0.5 arcsec or better over modest (~10 arcmin) field of 
view 

• Three focal plane instruments 
–  Megapixel X-ray calorimeter 
–  Wide field imager (~40 arcmin FoV) 
–  High resolution grating spectrometer 

• Mission 
–  High orbit 

–  5-year design lifetime 
–  Simple architecture – few deployables 
–  Rapid response capability under discussion 

3 



Survey capabilities for a 15 Msec program 

Chandra 
SRG/eRosita 

ATHENA 

Lynx 

Angular resolution 
Chandra: ~ 0.5” – low 
area, poor off-axis 
performance 
 
Athena: ~5”; ~ 1.4-2 m2 

 
Lynx: < 0.5”; ~ 2-3 m2 



Lynx in the context of contemporaneous EM 
observatories 
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Black hole evolution, Lynx, and GW observatories 

•  Key Lynx theme is the origin and evolution of black holes 
•  The picture of black hole evolution is incomplete unless LISA/LIGO 

sources are understood 
•  LIGO will reveal nearby stellar-mass binary systems as they merge 

(BH/BH, BH/NS, NS/NS) 
•  LISA will reveal distant mergers (z ≤ 20) and provide a census of 

premerger binary SMBHs 
•  Lynx has unique power to find EM counterparts of all types of 

mergers and provide astrophysical context for GW events 
•  LISA is the only space major observatory planned for the 2030’s:  

emphasis on synergy will be important for the Lynx science case 
•  This is a MUST for Lynx – fits all criteria: 

–  Fits into our major science  
–  Broad importance for science 
–  Unique to X-rays 
–  Unique to Lynx (not in Athena domain) 
–  Breakthrough progress 
–  Feasible 
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GW facility capabilities 
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LISA



Chandra detection of EM counterpart to GW170817 
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Observing merger counterparts 
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Lynx makes visible many more counterparts than current observatories 
because it makes far off-beam detections possible 

Lynx (1 ks) 



Dual Nuclei In Highly Absorbed AGN 
Keck adaptive optics   

Koss + submitted, using Swift BAT selected luminous absorbed AGN



Track of binary in the LISA band 

Mtot=106M¤ , q=1/3,  z=1  

125 Rg Enter LISA band: 

38 Rg Localized (10 deg2): 

387 Tidal radius < 10 Rg: 
cycles 

Example: 

(Haiman 2017) 

V(orb) ~  O(0.1c) 
T(orb) ~  O(hr) 



LISA binaries will be surrounded by gas 
1.  Most galaxies contain SMBHs 
     - SMBH mass correlates with galaxy size 
 
2.  Galaxies experience several mergers 
     - typically a few major mergers per Hubble time 
 
3.  Most galaxies contain gas 
    -  M <107 M¤  SMBHs are in gas-rich disk galaxies 
    -  M >107 M¤  SMBHs are in “dry” ellipticals, but still with gas 
 
4.  Both SMBHs and gas are driven to new nucleus (~kpc) 
    -  SMBHs sink by dynamical friction on stars and on DM 
    -  gas torqued by merger and flows to nucleus 



X-ray chirp inevitable  

Farris et al. (2015) 

•  Optical – X-ray emission from quasars from 10-1000 Rg 
•  Smaller than tidal truncation radius for wide binary 
•  Minidisk ~ quasar disk 
•  Doppler effect modulates brightness at O(v/c) 

Tidal force 
from companion 
truncates minidisk 

ΔFν/Fν=(3-α)(vII/c) 

       α=dlnFν/dlnν 



Gravitational lensing size scales of quasars 
358 Chartas et. al.: Gravitational lensing size scales for quasars

P
G

1
1

1
5

Q
0
4
3
5

H
E

1
1
0
4

Q
0
9
2
4

Q
2
2
3
7

Q
0
1
5
8

R
X

J1
1

3
1

X
-r

ay
 R

1
/2
 (

cm
)

1013

1014

1017

1016

1015

GMBH
/c2  Innermost Stable Circular Orbit, a

 = 1

6GMBH
/c2  Innermost Stable Circular Orbit, a

 = 0

MBH(M!)
1010

109108107

Fig. 1 X-ray half-light radii of quasars as determined from our
microlensing analysis versus their black hole masses.

X-ray emission region to have an upper limit of log(r1/2/cm)
= 15.33 (95 % confidence), a low inclination angle is pre-
ferred statistically, the mean mass of the stars in the lensing
galaxy, ⟨M⟩, ranges between 0.1 and 0.4 M⊙ and the slope
of the size-wavelength relation r1/2 ∝ λ

ξ is ξ = 1.0+0.30
−0.56. The

majority of the observed continuum X-ray emission is found
to originate within ∼30rg, assuming a black hole estimate of
MBH = 5.9×108 M⊙ based on the width of the Hβ line (As-
sef et al. 2011). Based on this black hole mass estimate the
gravitational radius of HE 1104−1805 is rg = 8.7×1013 cm.

In MacLeod et al. (2015), we analyze the light-curves
of the z = 1.524 quasar SDSS 0924+0219 using static mi-
crolensing magnification patterns. SDSS J0924+0219 has
been observed at a variety of wavelengths ranging from the
near-infrared to X-ray. Our microlensing analysis in this
system constrains the soft-X-ray, UV, and optical half-light
radii to be 2.5+10

−2 ×1014 cm, 8+24
−7 ×1014 cm, and ∼ 5+5.

−2.5×1015

cm, respectively. Assuming the Mg II based black-hole esti-
mate of MBH = 2.8×108 M⊙, the majority of the soft X-ray
emission of SDSS 0924+0219 originates within ∼30rg. The
gravitational radius of SDSS 0924+0219 is rg = 4.12×1013

cm.
In Dai et al. (2010) and Chartas et al. (2009), we analyze

the light-curves of the z = 0.658 quasar RX J1131−1231.
We find the X-ray and optical half-light radii to be
2.3×1014 cm and 1.3×1015 cm, respectively. These sizes
correspond to ∼ 26rg and ∼ 147rg, respectively.

An important result found in all microlensing studies is
that optical sizes of quasar accretion disks as inferred from
the microlensing analysis are significantly larger than those
predicted by thin-disk theory. Specifically, measurements of
the radius of the accretion disk at 2500 Å rest-frame indicate
that the sizes obtained from microlensing measurements are
2–3 times larger than the values predicted by thin-disk the-
ory (e.g., Morgan et al. 2010; Mosquera et al. 2013).

In Fig. 1 we present the X-ray half-light radii of quasars
from recent microlensing studies of lensed systems ob-
served as part of our monitoring program (MacLeod et al.
2015; Blackburne et al. 2014, 2015; Mosquera et al. 2013;
Morgan et al. 2008, 2012; Dai et al. 2010; Chartas et al.
2009). Included in Fig. 1 are the uncertainties of the black-
hole mass estimates and uncertainties in the size estimates.
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Fig. 2 Evolution of the Fe Kα line possibly caused by the motion
of a magnification caustic as it moves away from the center of the
black hole.

The X-ray sizes of the quasars in our sample are found to
be close to the sizes of their innermost stable circular or-
bits. Assuming that most of the X-ray emission in the band
detected originates from the hot X-ray corona, these results
indicate that the corona is very compact and not extended
over a large portion of the accretion disk.

3 Estimating the innermost stable circular
orbit using microlensing

RX J1131−1231 has been monitored 38 times over a pe-
riod of 10 years with the Chandra X-ray Observatory. As
reported in Chartas el al. (2012), redshifted and blueshifted
Fe Kα lines have been detected in the spectra of the lensed
images.

In Fig. 2 we show the evolution of the red and blue com-
ponents of the Fe Kα line possibly caused by the motion of
a magnification caustic as it moves away from the center
of the black hole. We interpret the shift of the Fe Kα line
as resulting from general relativistic and special relativis-
tic Doppler effects. As shown in Fig. 3, the two redshifted
iron lines in the 2007 January 1 observation are each de-
tected at the ≥ 99 % confidence and the iron lines in the 2007
February 13 observation are each marginally detected at the
≥ 90 % confidence level (Fig. 3).

c⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org

Chartas, Rhea, Kochanek et al. (2015) X-rays: 



EM vs. X-ray chirp 

offer unique diagnostics of large-scale modified gravity.
This could reveal, for instance, that the phase of the GW
signal deviates from general relativistic expectations, once
propagated over cosmological distances.

Kocsis et al. (submitted for publication) have explored
further the possibilities of measuring photon and graviton
arrival-times from a same cosmological source. A general
difficulty with this approach is that there will be a system-
atic and a priori unknown delay in the emission of photons,
relative to the emission of gravitons, since the former must
causally lag behind the perturbing gravitational event. This
difficulty could be overcome if it were possible to calibrate
the relative timing of the photon and graviton signals at the
source.

Prior to coalescence, gas present in the near environ-
ment of the black hole binary would be gravitationally-per-
turbed in such a way that it could radiate a variable
electromagnetic signal with a period closely matching that
of the leading-order quadrupolar perturbation induced by
the coalescing binary (see Fig. 5). This would help identify
the electromagnetic counterparts of specific GW events. In
addition, it may be possible to match the variability fre-
quencies of the electromagnetic and GW signals. The offset
in phase between the Fourier components of the two sig-
nals with similar frequencies could be used to effectively
calibrate the intrinsic delay in electromagnetic emission at
the source. Late inspiral and coalescence can be tracked
via the GW signal, so that the relative timing of the gravi-
tational and electromagnetic signals may be known to
within a fraction of the binary’s orbital time. Any drift in
arrival-time with frequency between the gravitational and

electromagnetic chirping signals, as the source spans about
a decade in GW frequency during the last 2 weeks before
merger, could then be attributed to a fundamental differ-
ence in the way photons and gravitons propagate over cos-
mological distances. For instance, such a drift could occur
if the graviton is massive, resulting in a frequency-depen-
dent propagation velocity (e.g., Berti et al., 2005, 2006, sub-
mitted for publication). This tracking possibility is
illustrated graphically in Fig. 5.

Interestingly, while Lorentz invariance has been exten-
sively tested for standard model fields, Lorentz symmetry
could be violated in the gravity sector, especially on cosmo-
logical scales (e.g., Csáki et al., 2001, 2002). With a good
enough understanding of the source, electromagnetic coun-
terparts to black hole binary mergers may offer unique tests
of Lorentz violations in the gravity sector, via the opportu-
nity to match and track the gravitational and electromag-
netic signals in frequency and phase. It may be possible,
as the black hole binary decays toward final coalescence,
spanning a range of frequencies, to measure the delays in
graviton vs. photon arrival-times as a function of increas-
ing frequency of the chirping signal. The consistency
expected, if Lorentz symmetry is satisfied in the gravity sec-
tor could be tested explicitly for gravitons propagated over
cosmological scales. To have any chance to perform such
new tests of gravitational physics, one will need to identify
the electromagnetic counterparts of coalescing pairs of
massive black hole binaries as early as possible. This may
be one of the strongest motivations behind ambitious
efforts to localize these rare, transient events well before
final coalescence.

Fig. 5. [Left] From the numerical simulations of MacFadyen and Milosavljevic (2008): snapshot of a gaseous disk gravitationally-perturbed by the time-
dependent quadrupolar potential of a central binary. [Right] For such a system, in the inspiral phase, one may expect an electromagnetic (EM) source
varying in brightness at a frequency approaching that of the GW signal related to the quadrupolar perturbation. By matching the frequencies of the EM
and GW signals, one could remove the delay in EM emission at the source, measure reliable offsets in arrival-times between the two signals and possibly
reveal drifts in frequency of the GW signal when it is propagated over cosmological distances.

888 K. Menou et al. / New Astronomy Reviews 51 (2008) 884–890

106 M¤ binary, q=1/3,  z=1 
     
à  D/c = 3×1018 s 
à  torb = (1+z)2π10RS/c ~   
      4000 sec  
  (orbital time at merger) 
 
=> Δ c/c ~ torb / [D/c] ~ 10-15  
  (10-100 × better from  
   S/N=102-3) ~ 10-17 
 

Improve bounds from GW 
phasing alone (λg≳1016 km) 
Berti+(2005), Will (2006) 

Test Agw ∝ f2/3e-i2φ  vs  A𝛄 ∝ f1/3e-iφ 



•  If Lynx is highly ranked by the decadal, it will fly 
contemporaneously with LISA. 

•  A key Lynx theme is the origin and evolution of black 
holes, including how they grow via mergers 

•  Lynx will be able to detect and localize black hole 
merger counterparts to high redshift (z ≥ 10). 

•  The enhanced X-ray emission expected from many 
close binary black holes will enable Lynx to localize and 
monitor them as they merge. 
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Summary 





 
 
 
 
 
 

Backup Slides 
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Lynx in context 
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Lynx 

Lynx Synergy Workshop 
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LISA reach 
(Accepted LISA proposal,  science justification)  


