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1 Abstract

Supernova remnants (SNRs) are crucial laboratories for understanding stellar death, nucle-

osynthesis, and particle acceleration. This proposal requests 40 ks of new XMM-Newton

observations to investigate the dynamics of the forward shock in the hypothetical old SNR

Vulpecula Nova by spatially mapping its velocity. Old SNRs provide insights into late-stage

evolution and interaction with the inhomogeneous interstellar medium (ISM). Following

methodologies applied to other SNRs Okada et al. (2024), we will extract X-ray spectra

from different radial segments using the requested observations, potentially supplemented

by archival data. These spectra will be analyzed using XSPEC (version 12.10.1f) with the

tbabs*vpshock model to determine plasma parameters, notably the electron temperature

(kTe) and ionization timescale (τ). Using the Rankine-Hugoniot jump conditions, which re-

late post-shock temperature to shock velocity, we will derive the shock velocity (vs) across

the remnant. This velocity map will allow us to check the shock’s interaction with the ISM,

test models of SNR evolution beyond the Sedov-Taylor phase (Sedov, 1959; Taylor, 1950),

and understand energy dissipation mechanisms. Correlating vs with other derived param-

eters like τ and abundances will further bring light to the shock physics and its impact on

the surrounding medium.

2 Scientific Justification

Introduction and Background: Supernova remnants (SNRs), the expanding shells of

gas and debris from stellar explosions, are fundamental to galactic evolution. They serve as

the primary mechanism for dispersing heavy elements synthesized during the star’s life and

explosion into the interstellar medium (ISM), enriching the gas from which future stars and

planets form. Furthermore, the powerful blast waves driven by SNRs compress and heat the

surrounding ISM and are believed to be the main sites of Galactic cosmic ray acceleration,

energizing particles to near light speed Giuffrida et al. (2022). Understanding the physics

of these expanding shock waves - their velocity, temperature structure, and interaction with

the ambient medium - is therefore crucial for a complete picture of the matter and energy

cycles within galaxies.

Scientific Importance and Proposed Observations: This proposal focuses on under-

standing the late stages of SNR evolution by studying the Vulpecula Nova, considered here

as a representative old SNR. Older remnants ( several thousand years) have expanded sig-

nificantly, leading to interactions with potentially complex ISM structures (cavities, clouds)

and entering evolutionary phases where simple models like the Sedov-Taylor blast wave
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(Sedov, 1959; Taylor, 1950) may no longer fully apply due to factors like radiative cooling

or significant deceleration. Their large angular sizes also make them suitable targets for

spatially resolved studies. We propose new X-ray observations of the Vulpecula Nova using

the XMM-Newton observatory. Our primary goal is to map the velocity of the forward

shock (vs) as a function of radius across the remnant. This velocity map is a direct probe

of the shock’s dynamical state and its interaction with the surrounding ISM; for instance,

lower velocities are expected where the shock encounters denser material. Such a map will

allow us to: Quantify the deceleration of the shock; infer the density structure of the am-

bient ISM into which the SNR is expanding; and investigate potential correlations between

shock velocity and other plasma properties (temperature, ionization state, abundances) to

understand energy thermalization, particle acceleration efficiency, and mixing processes at

the shock front.

These observations are essential because existing archival data for such a hypothetical object

would likely be too shallow or lack the complete spatial coverage needed to perform detailed,

spatially resolved spectroscopy across the entire remnant, especially in the fainter outer

regions crucial for tracing the current shock front.

Figure 1: Representative X-ray image

of an SNR (N132D), illustrating typ-

ical morphology and analysis regions.

Adapted from Okada et al. (2024)

Underlying Physics and Methodology:

The proposed analysis hinges on th e physics

of strong shock waves and the interpretation

of thermal X-ray emission from the shocked

plasma. Shock Heating: The forward shock

propagates supersonically into the cooler am-

bient ISM. As ISM material crosses the shock

front, it is rapidly compressed and heated to

X-ray emitting temperatures (T ∼ 106 − 108

K). The relationship between the upstream (pre-

shock) conditions, the shock velocity (vs), and

the downstream (post-shock) conditions is gov-

erned by the Rankine-Hugoniot jump condi-

tions, which express conservation of mass, mo-

mentum, and energy across the shock discon-

tinuity. Temperature-Velocity Relation: For a

strong shock (where the shock velocity greatly

exceeds the sound speed in the upstream

medium, vs ≫ cs) propagating into an ideal monatomic gas (γ = 5/3), these conditions

predict a specific immediate post-shock ion temperature (Ti):

kTi =
3

16
µmpv

2
s (1)

where k is the Boltzmann constant, mp is the proton mass, and µ is the mean molecular

weight per particle of the plasma (typically µ ≈ 0.6 for a fully ionized solar-abundance

plasma). X-ray Emission and Temperature Measurement: The hot, shocked plasma radiates

primarily via thermal bremsstrahlung (continuum) and line emission from highly ionized

elements (e.g., O, Ne, Mg, Si, Fe). The shape and features of the X-ray spectrum are

highly sensitive to the electron temperature (kTe). By observing the SNR with XMM-

Newton’s EPIC cameras, we obtain spatially resolved spectra. Fitting these spectra with
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appropriate plasma models (like vpshock in XSPEC, Arnaud 1996) allows us to measure

kTe and the ionization timescale τ = net, which indicates how far the plasma is from

ionization equilibrium. Inferring Shock Velocity: A key assumption is often made that in

older SNRs, sufficient time has passed for Coulomb collisions between electrons and ions to

establish approximate temperature equilibrium (Te ≈ Ti) in the bulk of the recently shocked

plasma. While this equilibration timescale can be long and is an area of active research

(Ohshiro et al., 2024), it is a standard starting point for velocity estimation in evolved

remnants. Under this assumption, we can substitute the measured kTe into the rearranged

jump condition to estimate the shock velocity:

vs =

√
16kTe

3µmp
≈ 468

(
kTe

1 keV

)1/2(0.6

µ

)1/2

km s−1 (2)

Solving the Problem: By extracting spectra from different annular regions (as conceptualized

in Fig. 1) using the requested XMM-Newton data, we will fit them with the tbabs*vpshock

model. This yields kTe (and τu, abundances) for each region. Applying Equation 2 to the

derived kTe values provides the shock velocity vs as a function of radius. This velocity map

directly addresses our science goals by quantifying the shock’s deceleration and revealing

variations likely linked to the surrounding ISM density, thus testing evolutionary models

beyond the simple Sedov-Taylor phase. Comparing vs with τu can further the shock’s

history and the density of the plasma. This method has been successfully applied to other

SNRs Okada et al. (2024); Leahy (2004); Reyes-Iturbide et al. (2022); Sapienza et al. (2021);

XRISM Collaboration et al. (2024).

3 Technical Justification

Proposed Instrumentation: XMM-Newton EPIC:We propose to observe the Vulpec-

ula Nova using the XMM-Newton observatory (Gabriel et al., 2004). Specifically, we will

utilize the European Photon Imaging Camera (EPIC), which consists of three X-ray CCD

detectors: two MOS cameras (MOS1, MOS2) and one PN camera. These instruments cover

the energy range ∼0.2-12 keV with moderate spectral resolution (E/∆E ∼ 20-50), ideal for

resolving the thermal continuum and emission lines characteristic of SNR plasma. The EPIC

cameras offer a large combined effective area, particularly the PN camera, which is crucial

for obtaining high signal-to-noise spectra from diffuse sources. They operate simultaneously

and view the same ∼30 arcminute diameter field of view.

Justification for XMM-Newton: XMM-Newton is the optimal observatory for this

project for several reasons: Large Effective Area: Its high throughput, especially compared

to Chandra, is essential for efficiently gathering photons from the diffuse, potentially low

surface brightness emission typical of old SNRs. This allows for obtaining statistically

robust spectra across multiple spatial regions within a feasible exposure time. Wide Field

of View: The ∼30 arcminute FOV of EPIC is well-matched to the expected large angular

size of an old SNR like Vulpecula Nova. This allows us to capture the entire remnant,

including the surrounding background regions needed for proper background subtraction,

in a single pointing (or a small mosaic, if larger), minimizing overheads and observation

time compared to observatories with smaller fields of view. Appropriate Angular Resolution:
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While NASA’s Chandra X-ray Observatory offers superior angular resolution (∼0.5 arcsec),

XMM-Newton’s resolution (∼6 arcsec FWHM PSF) is sufficient for our scientific goals. We

aim to map velocity variations on relatively large scales (across radial annuli of perhaps

arcminute widths), not resolve fine filamentary structures. For mapping broad velocity

trends in a large, evolved SNR, the photon-gathering power and FOV of XMM-Newton are

more critical than the highest possible angular resolution. Attempting this project with

Chandra would require significantly longer total exposure time and complex mosaicking,

making it less feasible.

Observation Strategy: We request 40 ks of new XMM-Newton observing time. This

exposure time is estimated based on typical surface brightness of old SNRs and the need to

obtain sufficient total counts (aiming for 1000 counts within each region) in multiple radial

spectral extraction regions for robust fitting with the vpshock model (see Feasibility section

and Fig. 2). The EPIC cameras will be operated in Full Frame mode using the standard

Thin filter to optimize sensitivity for soft thermal emission while mitigating optical loading.

Data Analysis Plan: Data reduction will use the standard XMM-Newton Science Anal-

ysis System (SAS) version 20.0.0 or later (Gabriel et al., 2004). Standard filtering (e.g.,

flare removal, pattern selection) will be applied. Spectra will be extracted from concen-

tric annular regions defined based on the remnant’s morphology in the captured images.

Background spectra will be taken from nearby source-free regions. RMFs and ARFs will

be taken from existing sources. Spectral fitting will use XSPEC v12.10.1f or later (Arnaud,

1996) with the tbabs*vpshock model, fitting MOS1, MOS2, and PN data simultaneously

using the C-statistic. Key parameters (NH , kTe, τu, normalization) will be determined for

each region. The parameters listed in Table 1, used for our feasibility simulations, will serve

as initial estimates for the fitting process.

4 Feasibility

This project is highly feasible with the requested 40 ks of new XMM-Newton observation

time.

Instrumentation Suitability: As argued in the Technical Justification, XMM-Newton’s

large effective area and wide field of view are ideal for efficiently studying large, potentially

faint extended sources like the old SNR Vulpecula Nova. Its angular resolution is sufficient

for our goal of mapping velocity variations across radial annuli.

Exposure Time Justification: The requested 40 ks exposure is sufficient to achieve

our science goals. Assuming typical parameters for an old SNR (consistent with values in

Table 1), this exposure will yield sufficient total counts (aiming for 1000 counts overall)

within each of several broad annular regions for good spectral fitting. This is supported

by our simulations shown in Figure 2, which were generated assuming a 40 ks exposure.

As the figure demonstrates (e.g., middle panel for kTe = 0.2 keV), the data quality allows

for well-constrained fits with the vpshock model, accurately recovering the input tempera-

ture needed for velocity estimation. The residuals near unity confirm the model adequacy

and statistical quality achievable with 40 ks. This exposure time provides a good balance

between achieving the necessary signal-to-noise and efficient use of observatory resources.
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Model Comp. Parameter Value

tbabs nH (1022 cm−2) 0.05

vpshock kTe (keV) 0.1, 0.2, 0.35

H 1.0

He 1.0

C 0.3

N 0.3

O 0.4

Ne 0.4

Mg 0.4

Si 0.3

S 0.3

Ar 0.3

Ca 0.3

Fe 0.3

Ni 0.3

Tau l (s cm−3) 1010

Tau u (s cm−3) 1012

Redshift 0.0

norm 0.01

Table 1: Parameters used for the tbabs * vpshockmodel in the XSPEC ‘fakeit‘ simulations

shown in Figure 2. Element abundances are relative to solar (Anders & Grevesse, 1989).

Analysis Methods: The proposed data reduction (SAS) and spectral analysis (XSPEC

with tbabs*vpshock) techniques are standard and well-established within the X-ray as-

tronomy community, widely used for SNR studies (Leahy, 2004; Uchida, 2011; Okada et al.,

2024; Reyes-Iturbide et al., 2022; Sapienza et al., 2021; XRISM Collaboration et al., 2024).

Potential challenges like background modeling and projection effects are well-understood

and can be addressed with standard techniques.

Figure 2: Simulated XMM-Newton EPIC spectra (40 ks exposure) generated in XSPEC

using ‘fakeit‘ with standard response files and parameters from Table 1. The spectra are

fitted with the input tbabs*vpshock model. The plots show simulated data points, folded

model (solid line), and residuals (ratio plot below) for input kTe of 0.1 keV (left), 0.2 keV

(center), and 0.35 keV (right).
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5 Conclusion

This proposal outlines a plan to map the forward shock velocity profile in the hypothetical

old SNR Vulpecula Nova using 40 ks of requested XMM-Newton observations. By applying

spatially resolved X-ray spectroscopy and using the Rankine-Hugoniot jump conditions (Eq.

2), we will derive the shock velocity (vs) from the measured post-shock electron temperature

(kTe) obtained by fitting the spectra with a tbabs*vpshock model in XSPEC. This velocity

map will provide crucial insights into the late-stage evolution of SNRs, their interaction

with the surrounding ISM density structure, and the physics of shock heating and energy

dissipation. XMM-Newton is the ideal instrument due to its high throughput and wide field

of view, necessary for efficiently studying large, diffuse remnants. The requested exposure

time of 40 ks is shown to be sufficient through simulations (Fig. 2) and ensures the feasibility

of achieving our scientific goals. This investigation will advance our understanding of SNR

evolution and their impact on the galactic environment.
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