X-ray Astrophysics
Research projects
Department of Physics, NKUA 2026

Each project uses public data from X-ray observatories and builds on the tools of the lab exercise.
The goal is a short report with one main result (a measurement with its uncertainty) and a
comparison with the literature. The references listed for each project are the starting point; the
full list is at the end.

1 Dust tomography with X-ray rings

When an X-ray source produces a bright, short flare,
part of its photons is scattered by dust grains along the
line of sight. These photons travel a longer path and PR
reach us later, from a ring around the source: an X-ray
light echo. Photons scattered by one thin dust cloud A
arrive at the same angle 6, so each cloud makes one . i
ring, and the ring grows with time. For small angles L
the geometry of Fig. 1 gives
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where At is the time since the flare. If D is known, the & | ==
size of each ring gives the distance to a dust cloud.

In June 2015 the black-hole binary V404 Cyg (D ~
2.4kpc, [3]) had one of the brightest outbursts seen in

X-rays. Swift/XRT and Chandra observations in the
following weeks show at least five concentric rings [1].
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Figure 1: Top: dust-scattering geometry.
What you will do. Download Swift/XRT and/or The observed angle of the echo, 6, depends

Chandra observations of V404 Cyg from HEASARC, on the source distance D, the relative dis-
make images and radial profiles around the source, tance of the dust = Dqyst/D and the time
identify the rings and measure their angular radius. delay At; photons are scattered by s > 0.

. . . Bottom: several dust clouds along the line
Then follow one of two directions: 3 ;
of sight produce several rings. Adapted from

e Time evolution: measure the rings in sev- [2].
eral observations, check that 8 oc v/ At, and use
Eq. (1) to find the distance of each dust cloud.

¢ Ring structure: study the rings in one deep ob-
servation and compare the dust layers with mea-
surements of the interstellar medium in the same
direction (e.g. 3D dust/extinction maps).

A minimum result is the distance of one dust cloud with its uncertainty, compared with [1].
Data: Swift/XRT, Chandra/ACIS (HEASARC) Start with: [1, 2]



2 Spin and magnetic-field evolution of a young neutron star

The spin of an accreting neutron star depends on

its magnetic field, on the mass-accretion rate and

on time. Usually we know only the present spin pe-

riod and luminosity, not how old the system is. A
neutron star found inside its own supernova rem-
nant is special: the size of the remnant gives an
age. For a remnant in the Sedov phase, the radius
grows as Rgnr o (Et2/p)'/®, where E is the ex-
plosion energy and p the density of the surrounding i :
gas.

XMMU J050722.1-684758 in the Large Magellanic

Cloud is a Be/X-ray binary pulsar located close Figure 2: XMM-Newton RGB image ‘_)f the
to the centre of the remnant MCSNR J0507—6847 Supernova remnant MCSNR J0507—6847 in the
Fig. 2). Its spin period is long, while the remnant LMC_(red 0.3-07, sreet 07711, blue 1.1-
.( 18 P p & i 4.2keV). Cyan: regions for spectral extrac-
is young [4]. How can a neutron star spin down so ;o1 The cross marks the Be/X-ray binary pul-
much in so little time? With the tools of the lab gar XMMU J050722.1-684758; a nearby point
(Alfven radius R,,, corotation radius Rco, accretion source is a background AGN. From [4].

torque) the star passes through three stages:

e ejector: the pulsar wind keeps the gas away, and the star spins down as a radio pulsar;
e propeller: R,, > R, the field throws the gas out and the star spins down fast;

e accretor: R, < Ry, the gas reaches the surface and the star approaches the equilibrium
period where R, ~ Rco.

What you will do. Measure the spin period of the pulsar from the XMM-Newton data, and
estimate the age of the remnant from its size. Then write a short Python code that follows P(t)
through the three stages for a constant accretion rate (taken from the observed Ly), for a grid
of magnetic fields B and initial periods. Find which B bring the star to the observed period
within the age of the remnant, and test simple assumptions such as a decaying magnetic field. A
minimum result is a plot of P(t) for a few values of B, with the observed P and age range marked,
and the range of B that is consistent with the data.

Data: XMM-Newton (archive), modelling in Python  Start with: [4, 5]



3 A contracting white dwarf?

The spin of a compact object can change for several rea-
sons. In accreting neutron stars, like the one in the lab,
the main cause is the torque of the accreted matter. A
white dwarf (WD) is much larger, so its moment of in-
ertia is much larger, and the spin-up from accretion is
expected to be very small. An alternative explanation
for an observed spin-up is that the WD itself is contract-
ing: if its angular momentum J = I§2 is conserved while
its radius R decreases, then for I oc M R?
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Such a contraction is expected for young WDs, or after
the outer layers are heated by nuclear burning, e.g. after
a nova [7].

1RXS J050526.3—684628 in the LMC is a supersoft X-
ray source: a WD that still burns hydrogen on its surface,
decades after a nova eruption [6]. Its X-ray flux is pulsed
(Fig. 3).

What you will do. Use the timing tools of the lab on
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Figure 3: Pulse profile of the supersoft
source 1RXS J050526.3—684628 from one
XMM-Newton observation. Top: average
profile (black) and two 2-ks intervals. Bot-
tom: dynamic profile, i.e. pulse phase ver-
sus time. From [6].

two XMM-Newton observations taken a few years apart: fold the light curve, measure the period
in each observation and estimate P. Then (a) compute the largest spin-up that accretion can
give, using the observed luminosity and the formulas of the lab guide, and (b) use Eq. (2) to
find the contraction rate R needed to explain the measurement. A minimum result is P with its

uncertainty and a comparison of the two explanations.

Data: XMM-Newton/EPIC (two epochs) Start with: [6, 7]



4 Thermonuclear bursts on neutron stars

In low-mass X-ray binaries a neutron star accretes
matter from a companion star. The hydrogen and
helium pile up on its surface until the layer reaches
a critical density and temperature, and then burn
unstably in a few seconds: a thermonuclear or
type I X-ray burst (Fig. 4). Nuclear burning re-
leases a few MeV per nucleon, while accretion re-
leases GM /R ~ 200 MeV per nucleon. The ratio
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of the accretion energy between two bursts to the
burst energy therefore tells us about the fuel that
burns (tyec is the recurrence time and fi, the burst
fluence) [8]. The brightest bursts reach the Ed-
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Figure 4: X-ray light curve with two thermonu-
clear (type I) bursts: a fast rise in a few seconds
and a slower decay, on top of the persistent emis-
sion from accretion.

dington limit and can be used to estimate the distance.

What you will do. Starting from archival event files (FITS), build light curves in Python, find
the bursts and measure their rise and decay times, peak count rate and fluence. Convert to energy
for a given distance, measure the persistent emission between bursts and compute a. Compare
with the values expected for burning of hydrogen and/or helium. A minimum result is a table of
the bursts with their properties and « with its uncertainty.

Data: archival X-ray event files (FITS) Start with: [§]



5 Spin-up and orbit of a Be/X-ray binary pulsar in outburst

In Be/X-ray binaries the neutron star moves on an oo
eccentric orbit around a Be star and accretes from its - 386 ,....;_.*..J'"""}'-*-'*m*.
decretion disc, often in outbursts that last weeks to E’BM A ’f‘.t."f”gw.,.,_.. e,
months. During an outburst the pulsar spins up, ex- §38_2 ,'1 : Eéim P } b H HJ
actly as NGC 300 ULX-1 in the lab, but now we can m} b L
follow the spin and the luminosity day by day. The ®) ya
Fermi Gamma-ray Burst Monitor (GBM) measures _1248] GLmodel a4
the pulse frequency and pulsed flux of many such E s A~
pulsars [10], and Swift/BAT monitors their flux. ~ ///
The observed frequency changes for two reasons: the 5 :2;: - ~ i
accretion torque and the Doppler shift from the or- Eigzggf— =
bital motion, ‘
B e
271 Ui = n1inn/GM Ry, ool -
Vobs(t) _ l/int(t> |:1 _ 'Ur<t):| ’ (4) MD
¢ Figure 5: The 2014 outburst of

where 1 follows the observed luminosity, R, de- RX J0520.5-6932.  (a) Luminosity from
pends on B, n is a dimensionless torque factor and £ ermi/GBM, Swift/ BA_‘T and XRT. (b) Spm
v, is the radial velocity of the neutron star in its or- frequency from GBM Wlt,h a model of accretion

. e . . torque plus orbital motion (Ghosh & Lamb).
bit. Fitting both effects together gives the magnetic (c,d) Residuals for two torque models. From
field and the orbital parameters (period, projected [9]’_

semi-major axis, eccentricity) [9] (Fig. 5).

What you will do. Choose a Be/X-ray binary out-

burst from the GBM pulsar pages, download the fre-

quency history and the GBM/BAT flux, and convert flux to luminosity for a known distance.
Write a model of Eq. (4) in Python, starting from a circular orbit, and fit it to the data. A
minimum result is the orbital period and the magnetic field with their uncertainties, compared
with the literature.

Data: Fermi/GBM pulsar data, Swift/BAT monitor Start with: [9, 10]

Tools

All projects use Python (numpy, matplotlib, astropy), an image viewer such as DS9, and, where
needed, TOPCAT and the standard mission software (HEASoft). Reading research papers in
English is part of every project.
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