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Probing the Physics of 
Hot Baryons

• We need all three of Lynx’s killer features for this 
science 

• High angular resolution for mapping the gas 
structure at small scales 

• Large effective area for increased S/N 

• High spectral resolution for detailed analysis of 
multiphase gas and for velocity measurements



Mock Observation Tools

SOXS: http://hea-www.cfa.harvard.edu/~jzuhone/soxs 

pyXSIM: http://hea-www.cfa.harvard.edu/~jzuhone/pyxsim

http://hea-www.cfa.harvard.edu/~jzuhone/soxs
http://hea-www.cfa.harvard.edu/~jzuhone/pyxsim
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Figure 9. Combined GGM-filtered of the Perseus cluster, adding maps with s = 1 to 32 pixels with radial weighting.

comes from the cluster profile is significantly reduced. The image
shows the structure from the inner shock out to the large scale spiral
using a single filtering scale.

A disadvantage of the technique is that the value becomes
noisy where the count rate is low in the outskirts. When the gra-
dient of a non-logarithmic X-ray image is computed, the pixels
with low number of counts typically are in regions with low ab-
solute gradients and so the noise on the gradient is low compared
to the gradient value in the centre where the counts rate are high.
However, using a logarithmic image the gradient in the outskirts is

similar to the value in the centre. As the count rate in the outskirts is
lower, the scatter in the value is higher. This noise can be seen in the
north-east and south-west parts of Fig. 14, where the observation is
shallower and the cluster fainter.

Logarithmic gradient images are therefore likely preferred if
there is a sufficiently high count rate across the region of interest
so that the gradient can be measured to a high fractional accuracy.
However, this criterion is unlikely to be met using typical photon-
starved observations with Chandra except in the core region or us-
ing large spatial scales.
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Figure 10. Combined GGM-filtered of M 87, adding maps with s = 1 to 32 pixels with radial weighting.

3.7 Finding shocks

As pointed out by Forman et al. (2007), between temperatures of
around 1 and 3 keV the Chandra 3.5 to 7.5 keV band count rate
is approximately proportional to the pressure-squared integrated
along the line of sight. Therefore, by gradient filtering such im-
ages, we are able to detect pressure discontinuities and shocks in
clusters.

Fig. 15 shows filtered images from scales of 4 to 32 pixels of
M 87 in this hard X-ray band. In the centre is an egg-shaped region
previously identified by Young et al. (2002), marked by A in the
4 and 8 scale maps. This is likely a high pressure region created
by the current AGN outburst. Surrounding this feature is a second
edge in pressure (labelled B), seen clearly in the 8 map and at lower
significance in the 4 map. At a radius of 13 kpc is the clearest shock
(labelled C and D), believed to be driven by an earlier AGN episode
approximately 14 Myr ago (Forman et al. 2007). Spectral fitting
shows it to have a Mach number of 1.25 (Million et al. 2010).

The most interesting aspect of this image, in agreement with
the full band image and filtered image, is that the 13 kpc shock is
not a complete circle, but breaks up into multiple edges (C, D and
E), with a further edge at lower surface brightness levels (F). Edges
F and G are stronger than the noise at the same radius and can be
seen in the unfiltered image. F lies at the edge of the south-west
radio plume. The splitting up of the C, D, and E structure may be
due to varying temperature structure along the line of sight, affect-
ing the sound speed. Alternatively there could have been multiple
outbursts.

In the Perseus cluster the intracluster medium is too hot for
these hard-band images to be solely sensitive to pressure variations.
However, in the central region around the inner cavities the 2.7 to
4 keV temperatures are close to the preferred range. Fig. 16 shows
a filtered hard X-ray image of Perseus (combining three different
scales), overlaying the radio emission. The image highlights the
jumps in pressure at the edge of the shocks surrounding the inner
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Figure 11. GGM-filtered X-ray image of M87 from Fig.10 (red), overlayed
with 90 cm radio emission from Owen et al. (2000) (blue/green).
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Figure 12. Combined GGM-filtered image of A 3667, adding maps with
s = 8, 16 and 32 with radial weighting.

cavities. The image can be interpreted as two shocks, one surround-
ing each bubble (as seen in a spectral fitting pressure map; Fabian
et al. 2006). The southern rim of the northern shock appears to pass
through the southern cavity and the rim of the northern rim of the
southern shock appears to pass through the northern cavity. The
straight feature across the southern cavity appears to be the edge
of the shock and is not related directly to the radio source. To the
north-west the outer edge of the shock is much less clear, where
the radio plasma extends from the northern inner cavity to the outer
north-western ghost cavity.
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Figure 13. Comparison of unsharp masking and gradient filtering in the
central region of M 87. Top left panel: X-ray image with point sources re-
moved and smoothed by a Gaussian of s = 1 pixel. Top right panel: unsharp
masking, showing fractional difference between images smoothed by 1 and
4 pixels. Centre left panel: unsharp masking using 2 and 8 pixels. Other
panels: gradient filtered image with s as value given in pixels.

4 CONCLUSIONS

We examine X-ray images of the Perseus cluster, M 87 and A 3667
with the Gaussian gradient magnitude filter to detect edges. We
show that the filter is able to detect a host of structures within
these clusters. The method is often more sensitive to features than
unsharp-masking or subtracting radial cluster models. It also does
not introduce negative residual artifacts commonly seen in unsharp-
masked images. By the use of a radial weighting scheme we can
produce a multi-scale image which demonstrates that a wealth of
physical processes are occurring in these clusters. Using pressure-
sensitive hard-energy-band images it is possible to use the method
to detect shocks in clusters.

SOFTWARE REPOSITORY

The code described and used in this paper can be found at https:
//github.com/jeremysanders/ggm.
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Gaussian Gradient Magnitude 
(GGM) edge-detecting algorithm 

see Stephen Walker’s poster!



GGM Filtering: 
Varying 
Physics

Bellomi et al., in prep

Surface Brightness



GGM Filtering: 
Varying 
Physics

Bellomi et al., in prep

Surface Brightness Gradient



Edge Analysis:  
Chandra vs. Lynx

Chandra ACIS-I (Launch) Lynx HDXI
Nearby cluster with exposure of 500 ks



Magnetic Draping Layers: 
Chandra vs. Lynx

Chandra ACIS-I (Launch) Lynx HDXI
Toy model of NGC 1404, 500 ks exposure (see Yuanyuan Su’s poster)



New Views of Hot Baryons in 
Galaxies

xrs-baryons WG: Andrey Kravtsov, Clarke Esmerian, Romeel Davé, 
Ben Oppenheimer, Susan Nulsen, Ralph Kraft, Akos Bogdan…

Illustris MUFASA

FIRE EAGLE



New Views of Hot Baryons in 
Galaxies

Low energy response of HDXI is important here!

Chandra ACIS-I (Launch) Lynx HDXI

M ~ 3 × 1012 M☉ halo from the EAGLE 
simulations (courtesy Ben Oppenheimer)

Susan Nulsen 
Ralph Kraft 
Akos Bogdan



New Views of Hot Baryons in 
Galaxies

Lynx Microcalorimeter 
Spectrum

M ~ 3 × 1012 M☉ halo from the EAGLE 
simulations (courtesy Ben Oppenheimer)

Susan Nulsen 
Ralph Kraft 
Akos Bogdan



Hitomi Observations of Perseus

• ∆v ~ 150 ± 70 km/s (line shift gradient) 

• σ ~ 164 ± 10 km/s (velocity dispersion) 

• Pturb/Pth < 10% quiescent

	
	

calibrated	using	the	He-α	lines.	The	strongest	resonance	(w),	
intercombination	(x,y)	and	forbidden	(z)	lines	are	indicated.	

	
	

	
	
	

	
	
	
Fig.	3.		The	region	of	the	Perseus	cluster	and	velocity	field	viewed	by	

the	SXS.			
a)	The	field	of	view	of	the	SXS	overlaid	on	a	Chandra	image.	The	

nucleus	of	NGC1275	is	seen	as	the	white	dot	with	inner	bubbles	N	
and	S.	A	buoyant	outer	bubble	lies	NW	of		the	centre	of	the	field.	A	
swirling	cold	front	coincides	with	the	second	contour	in	from	the	

outside.	The	central	and	outer	regions	are	marked.	
	

b) The	bulk	velocity	field	across	the	imaged	region.	Colors	show	the	
difference	from	the	velocity	of	the	central	galaxy	NGC	1275	(whose	

redshift	is	z=0.01756);	positive	difference	means	gas	receding	faster	
than	the	galaxy.	The	one	arcmin	pixels	of	the	map	correspond	

approximately	to	the	angular	resolution,	but	are	not	entirely	
independent	(see	Extended	Data).	The	calibration	uncertainty	on	
velocities	in	individual	pixels	and	in	the	overall	baseline	is	50	km/s 
(Δz=0.00017).	
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Hitomi Collaboration 
et al. 2016



Mock Hitomi 
Velocity Maps

ZuHone et al. 2017, in prep



SX vy slice

(also see poster by Erwin Lau)

vy phase plot vy line shape f(vy)

Non-gaussian  
line shapes 

from LOS and  
sky plane  
variations  

(ZuHone et al. 2016)



Mock Lynx Line Shift Map

500 ks microcalorimeter observation of  
simulated cluster at z = 0.025

from simulation
from fits to Fe complex  

at ~7 keV

VERY PRELIMINARY WORK
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Summary
• Lynx will provide a unique window into the properties of hot galaxy, group, and 

cluster plasmas, thanks to the combination of high angular resolution, large 
effective area, and high spectral resolution 

• High angular resolution and large effective area will provide an unprecedented 
window onto the properties of surface brightness fluctuations, and potentially 
provide an indirect measurement of the magnetic field in clusters and help 
constrain the plasma microphysics 

• High angular resolution and large effective area will reveal the hot-gas halos of 
galaxies in previously unseen detail; enabling measurements out to larger radii, 
detecting multi-phase gas, and distinguishing between different feedback 
models 

• We need all three killer features to place real constraints on the kinematical 
properties of the ICM down to small length scales via direct measurements of 
gas motions


