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Neutron star low-mass X-ray binaries

2

๏ Binary systems hosting old (Gyr), low-magnetised (B=108-109 G) neutron stars;

Di Salvo, Papitto, AM+2023; Bahramian 
& Degenaar 2022; Avakyan+2023
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Outbursts in NS LMXBs
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Accretion (almost) shut-off; 
(<1033 erg/s)

Low mass-accretion rate;
(1033-1036 erg/s)

“Bright” outburst

“Faint” outburst

Quiescence

๏ Hypothetical light curves of two outbursts of a NS LMXB

? ?

High mass-accretion rate; 
(1036-1038 erg/s)
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Accretion (almost) shut-off; 
(<1033 erg/s)

Low mass-accretion rate;
(1033-1036 erg/s)

“Bright” outburst

“Faint” outburst

Quiescence

๏ Hypothetical light curves of two outbursts of a NS LMXB

? ?

High mass-accretion rate; 
(1036-1038 erg/s)

The early rise of an outburst is typically 
missed by All-Sky X-ray monitors

well observed

poorly observed

Outbursts in NS LMXBs: start?
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๏ Hypothetical light curves of two outbursts 
of a NS LMXB

Outbursts in NS LMXBs:

well observed

poorly observed

๏  Best-fit model for an ideal spectrum

๏ Toy model of the accretion flow

“Bright” outburst

X-ray spectra

Disk

Hot spot or 
boundary layer

Comptonization

Reflection
Gierlinski & Poutanen 2005; Papitto+2009, 2010; Armas 
Padilla+2017; van den Eijnden+2018; Pintore+2017; Di 
Salvo+2019; Sharma+2019; Marino+2022; Illiano  
+2024b; Malacaria+2025 just to name a few…
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๏ Hypothetical light curves of two outbursts 
of a NS LMXB

Outbursts in NS LMXBs:

well observed

poorly observed

“Bright” outburst

X-ray spectral states

Di Salvo, Papitto, AM+2023; Done & Gierlinski 2007; 
Gladstone+2007; Muñoz-Darias+2014; Lin & Yo 2017; 
Ludlam+2017; Manca+2023a; just to name a few…

๏ Schematic illustration of the q-track in LMXBs

๏ Models of spectral states in a NS LMXB 

๏ Marino+2019b

๏ Belloni+2004
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(Some) open questions on NS LMXBs on outbursts starts and progressions
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How and when outbursts 
starts?

How does the early stage of 
an outburst proceed at 
different wavelengths?

What circumstances 
determine the peak 

luminosity, duration and 
recurrence time of an 

outburst?

How does the accretion flow 
evolve during an outburst?

How can we explain the 
spectral variability?

Are the answers to those questions 
the same for BHs and NSs?
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The Einstein Probe era
๏ Slide credits: F. Coti Zelati

Yuan+2022; 2025; Cheng+2025

๏ A new time-domain X-ray mission, launched in 2024 (Chinese Academy of Sciences + ESA & 
MPE); 

๏ The WXT (the monitor) has the best grasp* ever - can detect new transients once they get 
to a few mCrabs!

*Grasp: FoV*Effective area
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Accretion (almost) shut-off; 
(<1033 erg/s)

Low mass-accretion rate;
(1033-1036 erg/s)

“Bright” outburst

“Faint” outburst

Quiescence

๏ Hypothetical light curves of two outbursts of a NS LMXB

? ?

High mass-accretion rate; 
(1036-1038 erg/s)

More (bright+faint) outbursts, 
caught earlier on the act!

Outbursts in NS LMXBs
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Aql X-1: the archetypal NS LMXB

Atels by: Liu+2024, Rout+2024, Russell+2024, Alabarta+2025, Rout+2025;

๏ In outburst almost every year; 
๏ Porb=18.95 hr (Chevalier+1991), Pspin=1.8 ms (Casella+2008), d=4.5 kpc (Galloway+2008);

Kunte+1973, Coti Zelati+2014, Mata Sanchez+2017, 
Diaz Trigo+2018, Mandal+2025 just to name a few…

“Bright” outburst

“Faint” outburst

September 2024 August 2025
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Atels by: Liu+2024, Rout+2024, Russell+2024, Alabarta+2025, Rout+2025;

๏ In outburst almost every year; 
๏ Porb=18.95 hr (Chevalier+1991), Pspin=1.8 ms (Casella+2008), d=4.5 kpc (Galloway+2008);

Kunte+1973, Coti Zelati+2014, Mata Sanchez+2017, 
Diaz Trigo+2018, Mandal+2025 just to name a few…

“Bright” outburst

“Faint” outburst

September 2024 August 2025

This talk

Aql X-1: the archetypal NS LMXB
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The “dawn”: Multi-band light curves at the outburst onset
๏ We were able to observe the onset of the 

outburst with Einstein Probe, MAXI and Las 
Cumbres Observatory thanks to the XB-NEWS 
program (Russell+2019);

X-rays light curves

Optical light curves

๏ Marino+, in prep.

More about XB-NEWS on Kevin 
Alabarta’s talk after the break!

The day the outburst was first caught by EP
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๏ We were able to observe the onset of the 
outburst with Einstein Probe, MAXI and Las 
Cumbres Observatory thanks to the XB-NEWS 
program (Russell+2019);

X-rays light curves

Optical light curves

๏ We parametrised the light curves with 
phenomenological models to individuate 
the start time of the outburst in the different 
bands;

PRELIMINARY๏ Marino+, in prep.

X-rays start?

Optical start

The “dawn”: Multi-band light curves at the outburst onset

More about XB-NEWS on Kevin 
Alabarta’s talk after the break!

The day the outburst was first caught by EP

(Sept. 9th)

(Sept. 4th)
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A 2024 timeline for Aql X-1 PRELIMINARY
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My holidays were over :(

(Taken in Croatia, 
last year)

PRELIMINARYA 2024 timeline for Aql X-1
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My holidays were over :(

(Taken in Croatia, 
last year) EP first detects Aql X-1

PRELIMINARYA 2024 timeline for Aql X-1
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My holidays were over :(

(Taken in Croatia, 
last year) EP first detects Aql X-1

Start of the 
outburst in optical

PRELIMINARYA 2024 timeline for Aql X-1
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My holidays were over :(

(Taken in Croatia, 
last year) EP first detects Aql X-1

Start of the 
outburst in optical

(Lower limit) Start of the 
outburst in X-rays 

EP low-level detection

X-rays anticipated optical 
(unlikely)

X-rays started 
somewhere here

PRELIMINARYA 2024 timeline for Aql X-1
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My holidays were over :(

(Taken in Croatia, 
last year) EP first detects Aql X-1

Start of the 
outburst in optical

(Lower limit) Start of the 
outburst in X-rays 

EP low-level detection

X-rays anticipated optical 
(unlikely)

An optical-to-X-rays delay of 3 d or less?

X-rays started 
somewhere here

PRELIMINARYA 2024 timeline for Aql X-1
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44 Nicer obs.

5 Einstein Probe/FXT obs.

20

How the outburst goes on

๏ Lasted for about 2 months;

2 NuSTAR obs.

๏ Showed the typical q-diagram shape;

๏ Marino+, in prep.

Nicer HID

Nicer LC
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Broadband spectra

๏ Marino+, in prep.

Nicer HID

Nicer LC

๏ Best-fit model including:

PRELIMINARY

Hot spot
Corona

Disk

Disk
 bbody
Refle

cti
on

Comptoniza
tio

n

Disk bbody
Reflection

Comptonization

Comptonization -> thcomp*bbodyrad 
Disk bbody -> diskbb 

Reflection -> relxillCp or relxillNSX
sp

ec
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Main spectral parameters evolution

PRELIMINARY

๏ Marino+, in prep.

1 2 3 4

1

2

3

4

Γ ∼ 1.8

Γ ∼ 1.5 − 3.0

Γ ∼ 3.1

Γ ∼ 1.8

kTbb ∼ 0.7 keV

kTbb ∼ 1.0 keV

kTbb ∼ 1.3 keV

kTbb ∼ 0.3 keV

kTdisk ∼ 0.4 keV

kTdisk ∼ 0.7 keV

kTdisk ∼ 1.0 keV

kTdisk, Rdisk

Rbb ∼ 10 km
Rdisk ∼ 50 km

Rbb ∼ 3 km
Rdisk ∼ 20 km

Rbb ∼ 8 km
Rdisk ∼ 15 km

Rbb ∼ 10 km

Hard state

Intermediate state

Soft state

Hard/decay
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๏ Marino+, in prep.

1 2 3 4

1

2

3

4

Γ ∼ 1.8

Γ ∼ 1.5 − 3.0

Γ ∼ 3.1

Γ ∼ 1.8

kTbb ∼ 0.7 keV

kTbb ∼ 1.0 keV

kTbb ∼ 1.3 keV

kTbb ∼ 0.3 keV

kTdisk ∼ 0.4 keV

kTdisk ∼ 0.7 keV

kTdisk ∼ 1.0 keV

kTdisk, Rdisk

Rbb ∼ 10 km
Rdisk ∼ 50 km

Rbb ∼ 3 km
Rdisk ∼ 10 km

Rbb ∼ 8 km
Rdisk ∼ 10 km

Rbb ∼ 10 km

Hard state

Intermediate state

Soft state

Hard/decay

Main spectral parameters evolution
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A 12-h state transition?

PRELIMINARY

๏ A spectacularly rapid state transition confirmed by both 
spectral and timing properties of the source;

๏ Marino+, in prep.

Spectral softening
Noise drop

An energy 
exchange from 

disk to hot spot?

Cooling down 
of the corona?
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Conclusions & Future perspectives

i) Thanks to EP, we were able to follow the 2024 outburst by Aql X-1 already 
since it reached a triggering X-ray luminosity of less than 1035 erg/s.  

ii) By comparing the X-rays and optical (LCO) light curves, we suggest that the 
X-rays and optical outbursts started about 3-days (or less) apart, 
consistent with similar works (e.g. Bernardini+2016, Goodwin+2020, 
Rout+2025); to be sure about these numbers we need even more sensitive 
X-rays monitors. 

iii) The spectral evolution of the source followed the canonical q-track and 
displayed the typical spectral states, but the hard-to-soft transition was 
extremely quick (about half a day)! 

iv) Intermediate states are harder to catch in NS with respect to BHs? (see also 
Muñoz-Darias+2014, Marino+2019b, Fiocchi+2019);

๏ Marino+, in prep.
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Conclusions & Future perspectives

i) Thanks to EP, we were able to follow the 2024 outburst by Aql X-1 already 
since it reached a triggering X-ray luminosity of less than 1035 erg/s.  

ii) By comparing the X-rays and optical (LCO) light curves, we suggest that the 
X-rays and optical outbursts started about 3-days (or less) apart, 
consistent with similar works (e.g. Bernardini+2016, Goodwin+2020, 
Rout+2025); to be sure about these numbers we need even more sensitive 
X-rays monitors. 

iii) The spectral evolution of the source followed the canonical q-track and 
displayed the typical spectral states, but the hard-to-soft transition was 
extremely quick (about half a day)! 

iv) Intermediate states are harder to catch in NS with respect to BHs? (see also 
Muñoz-Darias+2014, Marino+2019b, Fiocchi+2019);

๏ Marino+, in prep.

Thanks for the attention! Questions?
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Extra-slides
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Broadband spectra

๏ Marino+, in prep.

Nicer HID

Nicer LC

relxillCp
diskbb

thcomp*bbodyrad

relxillNS

diskbb

thcomp*bbodyrad

๏ NICER+NuSTAR quasi-simultaneous spectra;

PRELIMINARY
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Broadband spectra

๏ Marino+, in prep.
PRELIMINARY

relxillCp
diskbb

thcomp*bbodyrad

relxillNS

diskbb

thcomp*bbodyrad

๏ Marino+, in prep.
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Focus on the transition

๏ Marino+, in prep.

1

2

3

Hard state

Intermediate state

Soft state

1

2 3
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Focus on the transition

๏ Marino+, in prep.
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Timing evolution

๏ Marino+, in prep.
PRELIMINARY
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Rapid state transitions in NS LMXBs

๏ Marino+, in prep.

๏ Muñoz-Darias+2014

๏ Marino+2019b

๏ Rapid state transition also in 1RXS 
J180408.9-365028 (Marino+2019b, 
Fiocchi+2019)

See also Tudose+2009, Diaz Trigo+2018
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Rapid state transitions in NS LMXBs

๏ Marino+, in prep.

๏ Muñoz-Darias+2014
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Optical-to-X-rays delays in NS LMXBs

๏ Marino+, in prep.

4 d - SAX J1808.4-3658

4-12 d - MAXI J1807+132

๏ Rout+2025

๏ Goodwin+2020


