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Two Python Packages
• SOXS: http://hea-www.cfa.harvard.edu/soxs


• Simple spectral models and 2D spatial models → SIMPUT


• Instrument simulation (supports XRISM similar to SIMX, not as good as SIXTE, HEASIM)


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


• Simulated X-ray emission from 3D sources → SIMPUT


• Most of the spectral machinery is outsourced to SOXS, then used in pyXSIM


• Both open-source, Python-based, hosted on GitHub


• pip and conda-installable

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


SOXS Overview

https://hea-www.cfa.harvard.edu/soxs/

MARX, 
SIMX,  
SIXTE



Spectral Models
• Spectral models:


• Thermal (APEC CIE/NEI, SPEX CIE, Cloudy CIE/PIE)


• Power-law


• From an XSPEC model or script


• From a file


• Operations:


• Arithmetic with spectra (add spectra, multiply by a 
constant, etc.)


• Foreground absorption (wabs, tbabs)


• Add emission and absorption lines by hand


• Can also do spectral-only simulations with instruments 
(basically a Python version of XSPEC’s fakeit)



2D Spatial Models
• These models generate images 

and photon coordinates for 
SIMPUT catalogs


• Point sources


• β-models


• Annuli and disks


• Generic models from Python 
functions, files, arrays



Backgrounds/Foregrounds
Milky Way Foreground Cosmic X-ray Background

These can be exported to SIMPUT files if you want to use them with SIXTE/SIMX



SOXS XRISM Models are Pretty Simple
• All instruments based on HEASARC-hosted Cycle 1 files (so GV closed)


• Resolve


• Square FOV, 3’ on a side


• Three RMF options assuming high-res, mid-res, low-res events 


• Three ARF options assuming no filter, Be filter, ND filter


• PSF based on image


• NXB from model 


• Xtend


• 4-CCD FoV


• Single RMF and ARF


• PSF based on image 


• NXB from model


• If you want to use SOXS/pyXSIM models but want more accurate instrument models, use SIXTE!



pyXSIM
• Built on top of the yt package so that 

many different simulation dataset types 
can be used (FLASH, Enzo, Gadget, 
Arepo, RAMSES, etc.)


• Take material properties of source from 
3D model, construct X-ray emission 
field, generate simulated X-ray photons


• Project photons to sky, Doppler and 
cosmologically shift their energies, 
apply galactic foreground absorption


• Save the pre-detected "events" to disk
https://hea-www.cfa.harvard.edu/~jzuhone/pyxsim/



Source Models in pyXSIM
• Thermal Sources (hot plasma of many kinds)


• APEC (CIE/NEI)


• SPEX (CIE only currently)


• Cloudy-based photoionization model (with optional resonant scattering off the CXB)


• Cloudy-based CIE model


• Power-law Sources (emission from BHs, XRBs, etc.)


• Emission Line Sources (…)


• Everything is currently under the assumption of an optically thin plasma, but we can try 
something else if you would like!



Galaxy Cluster 
Gas Motions
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Fig. 1.— Projections of various quantities along the z-axis of the inviscid simulation, ⇠1.6 Gyr after core passage. Upper-left: X-ray
surface brightness (0.5-7 keV band), upper-right: spectroscopic temperature, lower-left: line-of-sight velocity, lower-right: line-of-sight
velocity dispersion. Square dashed regions indicate the locations of simulated Astro-H SXS pointings (FOV of 3⇥3), and solid elliptical
regions correspond to the locations of regions of interest from which we will examine velocity distributions and extract spectra. The cyan
dot-dashed lines indicate the locations of slices shown in Figures 7 and 8.

on the spectral lines in the limit that turbulence and in-
stabilities are completely suppressed. The collisionless
dark matter component of the two clusters is modeled as
a set of gravitating particles, using an N -body module
which uses the particle-mesh method to map accelera-
tions from the AMR grid to the particle positions. The
gravitational field due to both the gas and dark matter
is computed using a multigrid solver (Ricker 2008).
Our merging clusters consist of a large, “main” cluster

with a mass of 1.25⇥1015 M�, and a small infalling sub-
cluster, with a mass of 2.5⇥1014 M�, for a mass ratio of
5. Our main cluster closely resembles A2029 (Vikhlinin
et al. 2005), a hot, relatively relaxed cluster with slosh-
ing in the cool core. Initially, the two clusters are set
up in hydrostatic and virial equilibrium, at a distance of
3 Mpc away from each other, with an impact parameter

of 0.5 Mpc on a bound orbit. Each simulation contains
⇠10 million dark matter particles and has a finest cell
size of �x ⇠ 5 kpc.

2.2. Simulation of X-ray Photons and Synthetic
Observations

To generate X-ray photons for our simulated observa-
tions, we employ the photon simulator analysis module
(ZuHone et al. 2014) from the yt software package (Turk
et al. 2011). We will outline in brief the procedure for
generating these observations here, but the reader should
consult ZuHone et al. (2014), as well as Bi� et al. (2012),
which presents the original implementation of this algo-
rithm, for more details.
A relevant 3D region of cells are selected, within which

the X-ray spectrum is computed for each cell using an
APEC model (Smith et al. 2001), using the cell’s density

Velocity Fields are Complicated!
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Fig. 7.— Characteristics of the velocity field along the z-axis of the inviscid simulation, for region “z1”. Upper panels: slices through the
x�z-plane at the center of region “z1”, of temperature (left) and the z-component of the velocity (right). Black lines indicate the center and
edges of the elliptical cylinder corresponding to the region in Figure 1. Lower-left panel: Phase space plot showing the fraction of emission
as a function of position and velocity within the cylinder. The black line indicates the emission-weighted average value. Lower-right panel:
E↵ect of plasma motion on a “toy” He-like iron line for the emission with the region.

fairly significant.

3.2. Velocity Distribution

3.2.1. Inviscid Simulation

The moment maps in the previous section indicate a
number of interesting locations associated with sloshing
cold fronts that produce line shifts and broadening that
will be observable by Astro-H. We will use these maps
to choose locations for Astro-H pointings, and elliptical
regions within these pointings from which spectra will
be extracted. We will take advantage of the velocity
structure revealed by Figures 1-6 from the simulation to
decide where to locate the pointings. Of course, we will
not know a priori in real observations where to point in
this fashion, but the moment maps show that the regions
with the most significant line shifting and broadening

are located just underneath the cold front surfaces, the
locations of which will be available from higher-resolution
imaging of the same clusters from Chandra and XMM-
Newton.
The chosen pointings and regions for the inviscid sim-

ulation are shown in Figures 1-3. Each elliptical region
on the maps in 2D defines a cylindrical region in 3D, ex-
tended along the line of sight across the cluster. To get
a sense of the underlying velocity distribution sampled
by these regions, we examine the velocity field within
these cylinders. Figures 7 through 10 show the results
of this exercise. In the remainder of this work, we label
each region by the axis of projection and the number of
the pointing, as identified in Figures 1-3. For example,
pointing 1 on the z-axis projection is labeled “z1”.
We take Figure 7 as an example, and describe the dif-
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Fig. 8.— Characteristics of the velocity field along the z-axis of the inviscid simulation, for region “z2”. Upper panels: slices through the
x�z-plane at the center of region “z2”, of temperature (left) and the z-component of the velocity (right). Black lines indicate the center and
edges of the elliptical cylinder corresponding to the region in Figure 1. Lower-left panel: Phase space plot showing the fraction of emission
as a function of position and velocity within the cylinder. The black line indicates the emission-weighted average value. Lower-right panel:
E↵ect of plasma motion on a “toy” He-like iron line for the emission with the region.

ferent panels of this figure in detail; the descrption will
apply to all of the related figures. Figures 7 and 8 exam-
ine the z-component of the gas velocity. The top panels
show slices through the x � z plane of the temperature
(left) and z-component of the velocity (right). The slice
is taken at the y coordinate of the center of the cylindri-
cal region in Figure 1 (where lines showing the location
of the slice planes for each projection are shown). The
center and edges of the cylinder within the slice plane
are indicated by black dot-dashed and dashed lines, re-
spectively, in Figure 7. The lower-left panel of Figure
7 shows a plot of the velocity distribution phase space
in the cylinder, where the color indicates the amount of
helium-like iron line emission as a function of both the
position along the line of sight and the line of sight veloc-
ity. The solid black line indicates the emission-weighted

average velocity along the length of the cylinder. Finally,
the bottom-right panel of Figure 7 shows the shape of a
“toy” helium-like iron line, in the absence of nearby lines
or continuum, computed from the total emission within
the cylindrical region. The blue lines show the line shape
due to thermal broadening without velocity broadening,
whereas the green lines show the combined e↵ects of ther-
mal broadening and plasma motions.
In Figure 7, region “z1” is situated within the cold

fronts enveloping the cluster center. The z-velocity slice
plot and phase plot indicate the gas motion is mostly ran-
dom on scales smaller than the core size within this re-
gion, with no significant velocity shift, but a range of gas
motion between v ⇠ �400 km/s to v ⇠ +400 km/s. The
line emission plot confirms this, showing a symmetric
Gaussian-looking line that has been slightly broadened
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Fig. 7.— Characteristics of the velocity field along the z-axis of the inviscid simulation, for region “z1”. Upper panels: slices through the
x�z-plane at the center of region “z1”, of temperature (left) and the z-component of the velocity (right). Black lines indicate the center and
edges of the elliptical cylinder corresponding to the region in Figure 1. Lower-left panel: Phase space plot showing the fraction of emission
as a function of position and velocity within the cylinder. The black line indicates the emission-weighted average value. Lower-right panel:
E↵ect of plasma motion on a “toy” He-like iron line for the emission with the region.

fairly significant.

3.2. Velocity Distribution

3.2.1. Inviscid Simulation

The moment maps in the previous section indicate a
number of interesting locations associated with sloshing
cold fronts that produce line shifts and broadening that
will be observable by Astro-H. We will use these maps
to choose locations for Astro-H pointings, and elliptical
regions within these pointings from which spectra will
be extracted. We will take advantage of the velocity
structure revealed by Figures 1-6 from the simulation to
decide where to locate the pointings. Of course, we will
not know a priori in real observations where to point in
this fashion, but the moment maps show that the regions
with the most significant line shifting and broadening

are located just underneath the cold front surfaces, the
locations of which will be available from higher-resolution
imaging of the same clusters from Chandra and XMM-
Newton.
The chosen pointings and regions for the inviscid sim-

ulation are shown in Figures 1-3. Each elliptical region
on the maps in 2D defines a cylindrical region in 3D, ex-
tended along the line of sight across the cluster. To get
a sense of the underlying velocity distribution sampled
by these regions, we examine the velocity field within
these cylinders. Figures 7 through 10 show the results
of this exercise. In the remainder of this work, we label
each region by the axis of projection and the number of
the pointing, as identified in Figures 1-3. For example,
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Fig. 8.— Characteristics of the velocity field along the z-axis of the inviscid simulation, for region “z2”. Upper panels: slices through the
x�z-plane at the center of region “z2”, of temperature (left) and the z-component of the velocity (right). Black lines indicate the center and
edges of the elliptical cylinder corresponding to the region in Figure 1. Lower-left panel: Phase space plot showing the fraction of emission
as a function of position and velocity within the cylinder. The black line indicates the emission-weighted average value. Lower-right panel:
E↵ect of plasma motion on a “toy” He-like iron line for the emission with the region.

ferent panels of this figure in detail; the descrption will
apply to all of the related figures. Figures 7 and 8 exam-
ine the z-component of the gas velocity. The top panels
show slices through the x � z plane of the temperature
(left) and z-component of the velocity (right). The slice
is taken at the y coordinate of the center of the cylindri-
cal region in Figure 1 (where lines showing the location
of the slice planes for each projection are shown). The
center and edges of the cylinder within the slice plane
are indicated by black dot-dashed and dashed lines, re-
spectively, in Figure 7. The lower-left panel of Figure
7 shows a plot of the velocity distribution phase space
in the cylinder, where the color indicates the amount of
helium-like iron line emission as a function of both the
position along the line of sight and the line of sight veloc-
ity. The solid black line indicates the emission-weighted

average velocity along the length of the cylinder. Finally,
the bottom-right panel of Figure 7 shows the shape of a
“toy” helium-like iron line, in the absence of nearby lines
or continuum, computed from the total emission within
the cylindrical region. The blue lines show the line shape
due to thermal broadening without velocity broadening,
whereas the green lines show the combined e↵ects of ther-
mal broadening and plasma motions.
In Figure 7, region “z1” is situated within the cold

fronts enveloping the cluster center. The z-velocity slice
plot and phase plot indicate the gas motion is mostly ran-
dom on scales smaller than the core size within this re-
gion, with no significant velocity shift, but a range of gas
motion between v ⇠ �400 km/s to v ⇠ +400 km/s. The
line emission plot confirms this, showing a symmetric
Gaussian-looking line that has been slightly broadened

ZuHone et al. 2016

Velocity Moment Maps

Region along 
sight line

Phase plot of velocity 
vs. LOS position

"Toy" Broadened 
Emission Line



Hitomi Mocks from Cluster Simulations

ZuHone et al. 2018

simulation  
projections 

mock  
Hitomi maps

Line Shift Line Width



Mock XRISM Observations of a Major 
Cluster Merger in AREPO
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• Major mergers can 
show some interesting 
velocity distributions 
along different sight 
lines


• Mock XRISM/Resolve 
observations and 
mock Athena/XIFU 
observations

POS Merger LOS Merger

Biffi et al. (2022)



Mock XRISM 
Observations of a 

galaxy cluster 
from TNG-Cluster

Truong et al. (2024)



NEI Spectra from SNR

Zhang et al. (2019)



What’s Coming Next?
• SOXS 5.0.0 (hopefully out soon…)


• Create SIMPUT catalogs from multiple 2D maps (flux+kT+abund+velocity)


• Charge exchange spectra using AtomDB/ACX2


• "Spectral cubes" from event files, e.g. RA/Dec/Energy cubes


• pyXSIM 5.0.0 (hopefully out soon…)


• Charge exchange spectra using AtomDB/ACX2 (from 3D sources)


• Simple modeling of "internal" absorption from neutral gas



Use it in  
Proposals!

• Used Chandra data to 
create maps for 
XRISM observation


• Created custom 
velocity map to make 
predictions for galaxy 
cluster



Things I Would Love to Add But Need Someone to 
Push Me to Do It (or Better Yet, Help)

• XSTAR models


• More SPEX models


• Physically-motivated AGN models


• Breaking optically thin assumption wherever feasible


• Time dependence in models / light curves


• X-ray binary simulations from cosmological simulations


