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Brightest compact objects are accreting!
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Fortin +23,+24

Also Neumann+23, Avakyan+23


HMXBs LMXBs

ηacc= accreting efficiency can be as high as 
10-40% compare to 0.7% for nuclear burning

Neutron stars 
& Black holes

Lx 1035-1039 erg/s
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What are compact objects and 
why do we care?
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 𝛒 ∼106 gm/cm3


g ∼108 m/cm2
  
𝛒 ∼1014 gm/

cm3


g ∼1014 m/cm2


NASA's Goddard Space Flight Center/Conceptual Image Lab
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White dwarf Neutron star

‘Compact’ objects


Matter under extreme conditions of density, gravity, 

temperature and magnetic fields !


Large fraction reside in binary systems, Feedback to ISM,  

exotic transients 
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Compact Object Zoo in X-rays
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Key questions & breakthroughs
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White dwarfs, Novae, & Type Ia Supernovae


Wolf+13

Novae

Stable 
burning

Recurrent

Classical

Giant envelope/
radiation driven wind
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Discovery of a Nova ignition flashYZ Reticuli: An extremely bright, new X-ray transient

5
0

t0 t0 + 4 ht0 � 4 h

König, Wilms, et al. Nature+22
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X-ray detection of a nova in the fireball phase

Ole König1ಞᅒ, Jörn Wilms1ಞᅒ, Riccardo Arcodia2, Thomas Dauser1, Konrad Dennerl2, 
Victor Doroshenko3, Frank Haberl2, Steven Hämmerich1, Christian Kirsch1, 
Ingo Kreykenbohm1, Maximilian Lorenz1, Adam Malyali2, Andrea Merloni2, Arne Rau2, 
Thomas Rauch3, Gloria Sala4,5, Axel Schwope6, Valery Suleimanov3, Philipp Weber1 & 
Klaus Werner3

Novae are caused by runaway thermonuclear burning in the hydrogen-rich envelopes 
of accreting white dwarfs, which leads to a rapid expansion of the envelope and the 
ejection of most of its mass1,2. Theory has predicted the existence of a ‘"reball’ phase 
following directly on from the runaway fusion, which should be observable as a 
short, bright and soft X-ray #ash before the nova becomes visible in the optical3–5. 
Here we report observations of a bright and soft X-ray #ash associated with the 
classical Galactic nova YZ Reticuli 11 h before its 9 mag optical brightening. No X-ray 
source was detected 4 h before and after the event, constraining the duration of the 
#ash to shorter than 8 h. In agreement with theoretical predictions4,6–8, the source’s 
spectral shape is consistent with a black-body of 3.27+0.11

−0.33 × 105 K (28.2+0.9
−2.8 eV), or 

a white dwarf atmosphere, radiating at the Eddington luminosity, with a photosphere 
that is only slightly larger than a typical white dwarf.

During its second all-sky survey (2020 June 26 to 2020 December 15), 
the eROSITA instrument9 on board Spectrum-Roentgen-Gamma (SRG)10 
scanned the field around αJ2000.0 = 03 h 58 min 30 s, δJ2000.0 = −54° 46′ 41″, 28 
times, with each scan separated by 4 h. No source was detected for the 
first 22 scans. During the 23rd passage over the position, which started 
on t0 = 2020 July 7, 16 h 47 min 20  s TT, a new and extremely bright source 
was detected (Fig. 1). No source was visible in the subsequent scans, con-
straining the event’s duration to less than 8 h. The position coincides with 
the location of Nova YZ Reticuli (= EC 03572−5455 = Nova Reticuli 2020),  
for which an optical outburst was discovered11 on 2020 July 15, 14 h 09 min 
UT. Subsequently, the object was classified as a classical He/N Galactic 
nova12,13 with a geometric distance of 2.53+0.25

−0.26 kpc.
Figure 2 shows the combined multi-wavelength light curve of YZ Ret. 

At t0 – 3.5 days, All-Sky Automated Survey for Supernovae (ASAS-SN) 
monitoring indicates the source close to the 16.4 mag detection limit 
at 15.8 mag. At t0 + 2.2 h an optical (V-band) non-detection with a lower 
limit of 5.5 mag was reported14,15, followed by a fast brightening at 
t0 + 11.3 h (2020 July 8, 04 h 05 min 58 s UT). The nova reached a peak 
V-band brightness of 3.7 mag (ref. 15) at t0 + 4.1 days, making it visible to 
the naked eye and the second brightest nova of the decade. From this 
chronology of the events, we conclude that eROSITA has detected the 
X-ray ignition flash of a nova and that the X-ray flash happened a few 
hours before the optical rise, as theoretically predicted1,5,7.

In other wavelengths, Fermi/LAT detected significant γ-ray emission 
starting at t0 + 2.8 days (ref. 16), and a NuSTAR observation detected 
hard X-rays at t0 + 10.3 days (ref. 17). The hard emission is due to internal 
shocks within the expanding shell. Starting approximately two months 
after the X-ray flash, multiple missions17, including eROSITA (Extended 
Data Fig. 1), showed that YZ Ret had entered the supersoft state.

The progenitor of YZ Ret is the known white dwarf (WD) system 
MGAB-V207 (ref. 18), which had a pre-eruption orbital period of 

0.1324539(98) days (ref. 19). Irregular variations in the optical before 
the nova event indicate the system to be a VY Scl type cataclysmic vari-
able17. The nature and composition of the WD are still unclear17.

Spectral analysis
During the eROSITA detection of the flash, YZ Ret was in the field-of-view 
(FoV) for 35.8 s, with a count rate in excess of 1,000 counts s−1 (see 
Fig. 2b). Although the strong signal makes the detection of the flash 
unambiguous, it complicates a more detailed analysis of the properties 
of the nova: eROSITA’s detectors are severely affected by photon pile-up 
at such high count rates. The non-linear distortion of the spectral infor-
mation requires careful modelling of the response of the instrument 
to such a bright source. As discussed in more detail in the Methods 
section, our approach includes simulations using the same observing 
strategy as in the real observation. The Simulation of X-ray Telescopes 
(SIXTE)20 software package is a generic Monte Carlo toolkit for X-ray 
astronomical instrumentation and has been particularly tailored to 
model pile-up in the eROSITA detectors. The simulations enable us to 
perform a quantitative analysis and robustly recover the basic prop-
erties of the source even when considering the remaining systematic 
uncertainties. In the following, unless mentioned otherwise, all uncer-
tainties denote 3σ confidence levels.

We investigate the data using three different models representative of 
the range of expected spectral shapes, an empirical black-body, an opti-
cally thin collisional plasma (APEC)21 and a WD atmosphere model22,23. 
The best-fitting models are shown in Fig. 3 and in Extended Data Table 1. 
For the black-body model, we find that the spectrum can be best 
described at a 0.2–10 keV absorbed flux of 1.86+0.38

−0.23 × 10−8 erg cm−2 s−1  
with a temperature of kTBB = 28.2+0.9

−2.8 eV (3.27+0.11
−0.33 × 105 K), where 

k is the Boltzmann constant. The foreground and internal absorption 
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Timeline of physical processes & EM radiation 
in nova

Chomiuk+20
20-70 novae/yr in Galaxy (Shafter+17)
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RS Ophiuchi: A recurrent symbiotic nova


The recurrent nova RSOphuichi 
(RSOph) consists of a 


massive WD and an RG donor star 
in a binary orbit with a 

period of 453.6 ± 0.4 days 


Tref.             Page+22high-velocity ejecta from the TNR runs into its 
dense stellar wind, giving rise to X-ray emission 

from hot, shocked gas (Orio+22, Islam+23) 


(Ness+23) 


Central engine same, variable absorber between 2006 & 2021
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Smoking gun of SN 1a single degenerate scenario 


kT = 45 ± 3eV, LX = 6.8+7.0-3.5 X 1036 erg/s, 

Canonical nuclear burning SSS ? SALT 

spectrum

 [HP99] 159 aka eRASSU J052015.3-654429 is a canonical SSS, burning He instead of H -

Pathway for  -  SN 1ax


Greiner, Maitra, et al. 
Nature+23
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Neutron star composition: equation of state 
(EOS)


NASA’s Goddard Space Flight Center / 
Conceptual Image Lab

EOS probes pressure density 
relation for ultra-dense matter 
at low temperatures (n∼6n0)

At some high density: 
transition from nucleons to 
quark and gluon degrees of 
freedom (phase transition) & 
exotic states expected Solved given equation of state P(ε) for 

(M,R)-relation and tidal deformability Λ

Image credits A. Watts, Ray et al. 2019
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Pulse profile modelling of millisecond X-ray pulsars


PSR J0740+6620: pulse 
profile modelling of XMM-
Newton & NICER data

S
s
s

S
s
s

PSR J0740+6620
PSR J0030+0451

NICER team J0740 papers: Wolff et al. 
2021, Riley et al. 2021, Raaijmakers et al. 
2021, Miller et al. 2021, Dittmann et al 
2024

M = 2.08±0.07 M⦿ R = 13.7±2.61.5 R⦿

NICER team J0030 papers: Bogdanov et al. 
2019a,b, 2021 (data and supporting 
analysis); X-PSI (Riley et al. 2019, 
Raaijmakers et al. 2019, Bilous et al. 2019);

Maryland-Illinois (Miller et al. 2019).

Adaped from A. Watts, 2022
Also NS atmosphere modelling of quiescent XRBs in 
globular clusters ωCen, M13, and NGC 2808

->   The EOSs that are satisfied by all NS includes 
the EOSs of normal nucleonic matter and one 
strange quark matter model (R>8km M unto 2.4M⦿)


Webb & Barret 2007

See NS radii constraints from reflection models in 
LMXB (Ludlam+22)
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Accretion at extreme regimes:

Swift J0243.6+6124 the first Galactic ultra-luminous pulsar


Becker & Wolff

Maximum accretion luminosity for a neutron star L39≈0.35B123/4  erg s-1 

(Mushtukov+2015)


σ⟂(E,B)⋍σT(E/Ecyc)2        for E ≲ Ecycl

                            σT                         for E ≳ Ecycl

σII(E,B)⋍σT[(1-u2) + u2(E/Ecyc)2   ]     for E ≲ Ecycl

                            σT                         for E ≳ Ecycl

NS are able to radiate at 100 x Eddington limit (M82 X-2 Bachetti+14)


Swift J0243.6+6124 is a link between Super Eddington XRBs and ULXs


(Kennea+17, Jenke & Wilson-Hodge +17, 18, Doroshenko+18) 
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Debate of the Magnetic field 


NuSTAR

Insight 
HXMT

Swift/BAT

Doroshenko+20

Sub-
critical

Super-
critical/

GPD 
dominated

RPD state

Pulse shape/
HID change 
Wilson+18

Geometric 
thick disk/soft 
excess/radio 

jets

1.5x1038 
erg/s

4-5x1038 
erg/s

Accretion at lower Lx 
1034 erg/s 

->  dipole magnetic field 
of B∼ 3 × 1012 G 


Multipole component?


Jaisawal+19, Wilson-Hodge+18, 
Doroshenko+20Evidence for multi-polar field

Insight-HXMT detection of CRSF at 
120-146 keV

->  B∼ 1.6 × 1013 G


Kong+22, 

Evidence for multi-polar field

NOTE! 

-> Future lies in X-ray polarisation 
measurements (IXPE, Tsygankov+22; 
Malacaria+23; Forsblom+23)
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Understanding the population in  
the Milky Way
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Catacyclysmic Variables

Polars


Intermediate polars (Mondal+24)

Dwarf novae


Quiscent LMXBs (Muno+2005) + quiescent 
magnetars (Coti Zelati+2018) stars (Schmitt+22)

XRB

Constitutes large fraction of Galactic 
Ridge X-ray emission

White dwarfs
70-80% GRXE can be resolved into


Point sources (RevnivsteV+09, Nature)

Lx 1027-1034 erg/sNeutron stars 

© NASA/RXTE 

Image 3.5 um NIR


contours GRXE 3-20 keV

-COBE/Revnivtsev et al 2006 
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Galactic Plane & Bulge surveys


ASCA Galactic plane survey 0.7-10 keV (Sugizaki+01)


XMM-Newton survey of Galactic plane 0.5-12 keV (Motch+10, Moran+13), XMM-Newton 

Heritage Survey of the inner Galactic disk (Mondal,Ponti+24,Ponti et al. in prep)


Chandra ChaMPlane survey (Grindlay+05, Rogel+06), Chandra Galactic Bulge Survey 0.5-10 

keV (Jonker+11,14, Wevers+16) 


SDGPS: Connor+23 (380 unique paintings with ∼5 ks exposure) -40deg2
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Galactic Plane & Bulge surveys


Swift GPS: Connor+23 (380 unique 
paintings with ∼5 ks exposure) -40deg2

Sw
ift 

GP

XMM 
Newton

Chandra

ASCA

Xray flux vs i’ band mag for sources  
in the Chandra GBS (jonker+11)

Ch
an

dra
 GB
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Importance of Galactic Plane & Bulge surveys


Compact object masses - NS and BH mass gap, NS mass distribution & equation of 

state (Ozel+10, Lattimer & Prakash 04) - dynamical mass measurements & eclipsing 

quiescent XRBs
 1000 posterior samples drawn from 
original shows 

μ1 =1.351 M⦿

μ2 =1.756 M⦿


Horvath+22, Lucas M. de Sá+23


Posterior mean

Maximum 

Spatial distribution of CO, NS kick distribution, orbits, spectra at diff Lx -> inputs to population 

synthesis models 
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MPE/IKISRG/eROSITA

Compact objects in the Milky Way in the eROSITA era


HMXB: Neumann+ 23, 

LMXB: Avakyan+ 23)

http://astro.uni-tuebingen.de/~xrbcat/

Before eROSITA era


93000 entires in 0.2-2.3 keV - 
eRASS1 (DR1)
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XRBs in the Milky Way in the eROSITA era


HMXB, & LMXB: 
Avakyan+ in prep)

Completeness = 0.7

Purity = 0.83 

XRB Candidates: 185  Credit: Avakyan, Zainab

Zainab et al. in prep

The low flux end populated 
by BeXRBs while SgXBs 
show higher fluxes
MAXI do not detect BeXRBs 
at fluxes detectable by 
eROSITA
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Isolated neutron stars in the Milky Way in the 
eROSITA era


Magnificant seven (Haberl+06, 
Bogdanov+24:)


A group of isolated young 
cooling neutron stars -


None discovered after ROSAT What next ?  

Candidate XDINS: Kurpas+ 24)

Selected 33 candidates 
(Kurpas+24)


- Soft thermal spectrum 

- Absence of non-X-ray 
counterparts


Follow-up

- X-ray: position, spectrum, 
pulsations

- Optical: fX/fopt  

→ Six new isolated neutron 
stars (1 XDINS: Kurpas+24, 
A&A, 683, A164)


See talks on novae in MW by Gloria 
Sala & symbiotic stars by Sara Saeedi
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Understanding the physics of (recurrent) novae (fireball, super-
soft phase) , nuclear burning & environments, progenitors of SN 
1a, binary evolution, common envelope , role of binary companion

Summary & key questions


White 
dwarfs

Neutron 
stars Neutron star mass distribution, mass-gap, EOS, magnetic fields, 

accretion geometry, super-Eddington accretion 

Population 
studies

What comprises the GRXE?, hidden CVs? population synthesis 
models, stellar evolution, luminosity functions
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IXPE 
(2021)

Einstein 
Probe (2024)

XMM-newton 
(1999) 

Integral 
(2002)

ROSAT 
(1990)

RXTE 
(1995)

   Past                 Present                     Future                            


NuSTAR 
(2013)

SRG/eROSITA 
(2019)

NICER (2017) 
Chandra 
(2000)

Athena

HEX-P

eXTP


