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OUTLOOK

▸ Introduction to the ultraluminous X-ray sources (ULX) 

▸ Open problems 

▸ The search for pulsating ULXs (PULX): looking for PULX-like candidates in ULX 

▸ The peculiar cases of the sources NGC 4559 X7 and NGC 7456 ULX1



ULTRALUMINOUS X-RAY SOURCES

- POINT-LIKE X-RAY SOURCES 

- OFF-NUCLEAR (I.E. NO SUPERMASSIVE BH) 

- LX >> 1039 ERG/S >> LEDD OF 10 MSUN BH

Ledd ~ 1.4e38 (M/Msun) erg/s



ULTRALUMINOUS X-RAY SOURCES

Now, more than ~2000 ULXs are known  
(Walton et al. 2022)



Motch et al. 2013

Impiombato et al. 2010

NGC 1313 X-2

NGC 7793 P13

ULXs are thought to be accreting compact objects in binary system

ULTRALUMINOUS X-RAY SOURCES
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ULTRALUMINOUS X-RAY SOURCES

Colbert & Mutshotzky (1999), 
Madau & Rees (2004) 
Portgies Swartz et al. (2004)



Colbert & Mutshotzky (1999), 
Madau & Rees (2004) 
Portgies Swartz et al. (2004)

ULTRALUMINOUS X-RAY SOURCES



THE LATEST STRIKING DISCOVERY IN ULX: PULSATIONS

NGC 7793 P13 (ISRAEL ET AL.2017)

NGC 5907 ULX-1 (ISRAEL ET AL. 2016A)
M82 X-2 (BACHETTI ET AL. 2014)

- Pulsation have been discovered in some ULXs using observations with high 
counting statistics (XMM-Newton and NuSTAR) 

- Pspin in the range ~ 0.4 - 20 s



NGC 7793 P13 (ISRAEL ET AL.2017)

THE LATEST STRIKING DISCOVERY IN ULX: PULSATIONS

NGC 5907 ULX-1 (ISRAEL ET AL. 2016, 2017)
M82 X-2 (BACHETTI ET AL. 2014)

- Pulsation have been discovered in some ULXs using observations with high 
counting statistics (XMM-Newton and NuSTAR) 

- Pspin in the range ~ 0.4 - 20 s

ULXs can host neutron stars!



SUPER-CRITICAL ACCRETION REGIME

MHD: 
Ohsuga et al. (2009) 
Kawashima et al. (2014) 
Romavoa et al.(2014) 
Mushtukov et al. (2015) 
Mushtukov et al. (2016) 
Kawashima et al. (2016)

Hard ULX, 
low variability, high L Soft ULX, 

high variability

Ultrasoft ULX, 
low L

Kaaret, Feng, Roberts et al. 2017

See Poutanen et al. (2007)

To explain luminosities well 
above 1039 erg/s, super-
Eddington accretion has to 
be taken into account 



Pinto et al. (2015, 2017)

NGC 55 ULX1 RGS

blueshift of z ~ 0.2 c

SUPER-CRITICAL ACCRETION REGIME

XMM/RGS data

Absorption and 
emission features 
were found in 
several ULX spectra



SPECTRAL VS SHORT-TERM VARIABILITY

Pakull & Mirioni 2002

Optical nebulae,  
inflated by outflows?

See also Siwek et al. 2017

SUPER-CRITICAL ACCRETION REGIME



Belfiore et al. (2019)

SUPER-CRITICAL ACCRETION REGIME

A nebula was also found in X-rays 
around the pulsating ULX called 

NGC 5907 ULX-1, in one 
Chandra observation



ULTRALUMINOUS X-RAY SOURCES: OPEN QUESTIONS

▸ What’s the nature of the companion stars (HMXBvs LMXB)? 

▸ How are the outflows properties? 

▸ How do outflows imprint on the surrounding medium? 

▸ What’s the compact object mass in ULXs? 

▸ What’s the BH vs NS ratio in the ULX population?  

▸ Unknown NS magnetic field (dipolar vs quadrupolar)? Magnetar-like (1014–15 G) or more 
standard (1011–13 G)? 

▸ Can the magnetic field truncate the disc before the spherization radius? Outflows are inhibited in 
PULXs? Not really, implying non-magnetar like magnetic fields. 

▸ Is there any geometrical beaming of the emission? 

▸ How does the spin evolve with time (spin-up/spin-down)? 

▸ Is the large flux variability seen in PULXs due to propeller?



NEUTRON STARS VS BLACK HOLES IN THE ULX POPULATION

▸ Only 6 PULXs amongst a population of ~2000 ULXs 

▸ However, PULXs are ~20-30% of the limited ULXs population with high quality observations (~30 

sources) 

▸ Are the vast majority of ULXs hosting BH then? 

▸ We have to increase the sample of PULXs in order to perform population studies 

▸ One of the main goal is to look for candidate NS in ULXs: search for pulsations!  

▸ However, pulsations are intermittent in PULXs! 

▸ Search for PULX-like sources amongst ULXs



▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)

Israel et al. 2017

HUNT FOR PULX CANDIDATES



▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)  

▸ Spectrally similar to most ULXs

HUNT FOR PULX CANDIDATES



Credits: Walton et al. (2018)

▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)  

▸ Spectrally similar to most ULXs

HUNT FOR PULX CANDIDATES



 ... likely harder?

Pintore et al. 2017

▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)  

▸ Spectrally similar to most ULXs

HUNT FOR PULX CANDIDATES



NGC 7793 P13
NGC 5907 X-1

▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)  

▸ Spectrally similar to most ULXs 

▸ Super-orbital modulations of tens-to-
hundreds of days

HUNT FOR PULX CANDIDATES

(Walton et al.2016)

(Fuerst et al.2018)

M51 ULX-7 (Vasilopoulos et al.2019)



▸ Pulsating ULXs: 

▸ All transient sources (with a possible 
by-modality)  

▸ Spectrally similar to most ULXs 

▸ Super-orbital modulations of tens-to-
hundreds of days 

▸ (Quasi-periodic) flaring activity

HUNT FOR PULX CANDIDATES

M51 ULX-7 (Imbrogno et al. 2024)



P U L S AT I O N S

S P E C T R A

VA R I A B I L I T Y

HUNT FOR NEW PULX CANDIDATES

C Y C L O T R O N  L I N E S

(Brightman et al. 2018)

(Israel et al. 2016)

(Fuerst et al. 2019)
(Pintore et al. 2017)



(Israel et al. 2016)

S P E C T R A

VA R I A B I L I T Y

HUNT FOR NEW PULX CANDIDATES

C Y C L O T R O N  L I N E S

(Brightman et al. 2018)

(Fuerst et al. 2019)
(Pintore et al. 2017)

P U L S AT I O N S

In the absence of 
pulsations, we need to 
look for indirect proofs 

(i.e. variability or 
spectral properties)

M51 ULX-8



NGC 4559 AND NGC 7456: HIGH VARIABLE ULXS

NGC 7456 (~16 Mpc):  

- Five ULXs 

- Three transients 

- ULX-1 is highly 
variable

NGC 4559 (7.5 Mpc):  

- Three ULXs 

- One transient 

- X7 is highly 
variable Soria et al. (2005)

Pintore et  al. (2020)



NGC 4559 AND NGC 7456: HIGH VARIABLE ULXS

NGC 7456 (~16 Mpc):  

- Five ULXs 

- Three transients 

- ULX-1 is highly 
variable

NGC 4559 (7.5 Mpc):  

- Three ULXs 

- One transient 

- X7 is highly 
variable Soria et al. (2005)

Pintore et  al. (2020)



NGC 4559 X7: LONG-TERM VARIABILITY

✦X-ray isotropic luminosity >> 1040 erg/s  
✦Long-term variability up to a factor of 5  
✦Possible super-orbital periodicity of ~240d

Pintore et al. (2025)



NGC 4559 X7: SHORT-TERM VARIABILITY

✦Three XMM observations showed 
that X7 is even more variable on  
short-term timescales (almost an 
order of magnitude in total) 

✦Flaring activity on timescales of a 
few hours 

✦Flares are all flat-topped in flux 

✦Clear spectral variability

2003 2018 2022

Pintore et al. (2025)



NGC 4559 X7: SPECTRAL VARIABILITY

✦Three well defined spectral states in 
the hardness-intensity diagram 

✦We performed an hardness-
intensity resolved spectral analysis

XMM3: 2022 
XMM2: 2018 
XMM1: 2003

Pintore et al. (2025)



NGC 4559 X7: SPECTRAL VARIABILITY

✦No remarkable low energy (< 1 keV) 
variability during time 

✦All the variability associated to the 
emission above 1 keV and strongly 
driven by the flaring activity 

✦Spectral decomposition in three 
components (two thermal plus a cut-
off powerlaw)

Pintore et al. (2025)

EPIC/pn data



NGC 4559 X7: TEMPORAL PROPERTIES

Pintore et  al. (2021)

NuSTAR High significance (>>3 sigma) hard lag 
(i.e. hard lags soft band) of about  1000s 
on long timescales in NGC 4559 X7 
between the 0.3-1 keV and 1-10 keV. 

Found only in 2018 observation.  

No lags at all in the 2022 XMM 
observation.

Pintore et  al. (2021)

XMM: 2018



Adapted from Pintore et  al. (2021)Case for ULX-1?

Hard lags

▸ Hard lags usually associated to 
the accretion flow propagating 
inward (hard lags soft) 

Adapted from Pintore et  al. (2021)

NGC 4559 X7: TIME LAGS



Hard lags

▸ Hard lags usually associated to 
the accretion flow propagating 
inward (hard lags soft) 

▸ Reprocessing of soft photons 
from the external part of the 
outflow ?

Adapted from Pintore et  al. (2021)

NGC 4559 X7: TIME LAGS



NGC 4559 X7: CANDIDATE PULSATION?

✦ In two XMM observations, coherent pulsations at 2.6s and 2.7s were found 

✦ Significance of ~3.5σ; statistically weak, but they share the same “banana” in the orbital parameter space  

✦ Orbital parameters compatible with the other PULXs 

✦ If confirmed, it implies spin-down —> the source was always active though

XMM: 2018 
Pspin ~ 2.6s

XMM: 2022 
Pspin ~ 2.7s

Pintore et al. (2025)



NGC 4559 X7

Adapted from Belfiore et al. (2024)

NGC 4559 X7: CANDIDATE PULSATION?



NGC 4559 X7: A NEW PULX CANDIDATE?

✦Highly variable on both long and short-timescales 

✦Very hard spectra 

✦Softening of the emission when decreasing in flux (i.e. brighter when harder effect) 

✦Possible pulsation at ~2.6-2.7 s 

✦Secular spin-down of 10-9 s/s? Quite extreme and the source was always active: 

✤Drop in luminosity not compatible with propeller (ΔL ~ P2/3; too small than expected)  

✤Trading of the magnetic field at large radius?  

✤Retrograde disc (Makishima et al. 1988)? Hard to sustain it for a long time 

✤Another PULX showed spin-down while accreting (M82 X-2 - e.g. Bachetti et al. 2022) 
as well as Galactic sources (e.g. GX 1+4 (10^-7 s/s) - Gonzalez Galan et al. 2012)
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NGC 4559 AND NGC 7456: HIGH VARIABLE ULXS

NGC 7456:  

- Five ULXs 

- Three transients 

- ULX-1 is highly 
variable

NGC 4559:  

- Three ULXs 

- One transient 

- X7 is highly 
variable

Pintore et  al. (2020)

Soria et al. (2005)



NGC 7456 ULX1: LIGHTCURVE

2005 2018 2023

▸ Three XMM observations: 

✤ In 2018, the variability is as 
high as an order of magnitude 
on timescales of hours 

✤ Flare-like, but differently from 
NGC 4559 X7, these are not 
flat-topped at the peak 

✤ Two levels of luminosity 

✤ No clear spectral variability

0.3-10 keV

0.3-1 keV

1-10 keV

Pintore et  al. In prep.



NGC 7456 ULX1: CROSS-CORRELATION, TIME DELAYS

▸ Hard band (1-10 keV) lags the soft one 
(0.3-1keV); >3σ significance 

▸ Usually hard lags are explained as 
fluctuations of the accretion flow moving 
towards the compact object

XMM: 2018 XMM: 2023

▸ Soft band (0.3-1keV) lags the hard one (1-10 
keV). Weakly significant!  

▸ Usually soft lags are explained as reprocessing 
of hard photons from surrounding material 

▸ Hard lag excluded at more than 3σ!

1244 +/- 400 s -640 +/- 340 s

We performed a cross-correlation between the bands 0.3—1 keV and 1—10 keV to investigate time delays

Pintore et  al. In prep.



NGC 7456 ULX1: TIME LAG

▸ Generally, soft band lags (of 
hundreds of seconds) the hard 
band.  

▸ Reprocessing (crossing time) of 
hard photons from the funnel of 
the outflow  (e.g. Kara et al. 
2017)

Soft lags

Adapted from Pintore et  al. (2021)



NGC 7456 ULX1: TIME LAG

▸ No clear trend between lags 
and intensity, estimated over 
intervals of 20 ks 

XMM: 2018 
XMM: 2023

Pintore et  al. in prep.



NGC 7456 ULX1: SPECTRUM

▸ Soft spectrum (at least two thermal 
spectral components) 

▸ Change in flux, not in spectral 
shape 

▸ Indication of features in 
absorption/emission 

▸ Evidence for outwflows? (work in 
progress)
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NGC 7456 ULX1: PULSATION

▸ Search in progress, no 
pulsation found… yet

Pintore et  al. In prep.
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✦ It is possible that the population of NS is significantly larger than expected 

✦ The search for pulsations is certainly the best way to find them … 

✦ BUT…. indirect proofs can help finding new candidate NS!
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✦ No pulsations found in NGC 7456 ULX-1… yet 

✦ Pulsation (to be confirmed) for NGC 4559 X7



CONCLUSIONS

✦ It is possible that the population of NS is significantly larger than expected 

✦ The search for pulsations is certainly the best way to find them … 

✦ BUT…. indirect proofs can help finding new candidate NS! 

✦ NGC 4559 X7 and NGC 7456 ULX-1 are quite similar in terms of variability 

✦ However, they show intrinsically different properties: ULX-1 is spectrally soft unlikely X7 which is 
hard 

✦ ULX-1 does not show spectral variability while the latter is very marked in X7 

✦ No pulsations found in NGC 7456 ULX-1… yet 

✦ Pulsation (to be confirmed) for NGC 4559 X7 

✦ The latter could be a candidate NS 

✦ There is no solid approach yet to identify new NS candidates



Thanks for the attention


