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A B S T R A C T 

We report the disco v ery of millihertz quasi-periodic oscillations (mHz QPOs) from the neutron star (NS) low-mass X-ray binary 

4U 1730–22 using the Neutron Star Interior Composition Explorer (NICER). After being inactive for almost 50 years, 4U 

1730–22 went into outburst twice between June and August 2021, and between February and July 2022. We analyse all the 
NICER observations of this source, and detect mHz QPOs with a significance > 4 σ in 35 observations. The QPO frequency of 
the full data set ranged between ∼ 4.5 and ∼ 8.1 mHz with an average fractional rms amplitude of the order of ∼2 per cent. The 
X-ray colour analysis strongly suggests that 4U 1730–22 was in a soft spectral state during the QPO detections. Our findings 
are consistent with those reported for other sources where the mHz QPOs have been interpreted as the result of a special mode 
of He burning on the NS surface called marginally stable nuclear burning (MSNB). We conclude that the mHz QPOs reported 

in this work are also associated with the MSNB, making 4U 1730–22 the eighth source that shows this phenomenology. We 
discuss our findings in the context of the heat flux from the NS crust. 

Key words: accretion, accretion discs – stars: individual: 4U 1730 − 22 – stars: neutron – X-rays: binaries. 
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 I N T RO D U C T I O N  

 low-mass X-ray binary (LMXB) consists of a compact object,
ither a neutron star (NS) or a black hole (BH), accreting matter
rom a low-mass donor star (usually with a mass � 1 M �) through
n accretion disc (see, e.g. Pringle & Rees 1972 ; Shakura & Sunyaev
973 ). LMXBs are mainly classified into persistent and transient
-ray sources. Persistent systems are continuously active, generally

howing luminosities in the range 10 36 −38 erg s −1 . On the contrary,
ransient sources exhibit periods of high X-ray luminosities or
utbursts ( L X � 10 34 −39 erg s −1 ), which typically last for several
eeks up to months (e.g. Tetarenko et al. 2016 ; Bahramian &
egenaar 2022 for a re vie w), follo wed by long intervals (generally
onths to decades) of low luminosity ( L X � 10 34 erg s −1 ; see,

.g. Chen, Shrader & Livio 1997 ; Lasota 2001 ; Hameury 2020 for
e vie ws), with little or no mass accretion. 
 E-mail: gmancuso@iar.unlp.edu.ar 
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One of the features that distinguishes NS from BH LMXBs is the
resence of thermonuclear (type-I) X-ray bursts. Type-I X-ray bursts
anifest as an initial fast ( � 10 s) increase of the X-ray flux due to an
 xplosiv e fusion of the accreted H and/or He into heavier elements
see, e.g. Lewin, van Paradijs & Taam 1993 ; Strohmayer & Bildsten
006 ; Gallo way & K eek 2021 for re vie ws). After reaching the peak
ux, the decay phase follo ws a po wer law (in’t Zand et al. 2014 ) due

o the cooling of the NS atmosphere; the decay can last between tens
o a few hundreds of seconds. 

Most NS LMXBs display aperiodic X-ray variability in their
ight curves during outbursts at different time-scales from seconds
o milliseconds. This variability is categorized as quasi-periodic
scillations (QPOs) or broad-band noise, based on its characteristics
see, e.g. van der Klis 2006 for a re vie w). QPOs stand out as relatively
harp and narrow (with a quality factor Q > 2) peaks in Fourier
ower density spectra and are commonly well represented by a
orentzian profile (e.g. van der Klis 1989 ; van der Klis 2000 ; Belloni,
saltis & van der Klis 2002 ). In this paper, we focus on QPOs with
requencies of the order of millihertz (mHz). Reported for the first
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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ime in three systems (4U 1636–53, 4U 1608–52, and Aql X–1) 
y Re vni vtse v et al. ( 2001 ) and later on, in other sources, viz. IGR
17480–2446 (Linares et al. 2010 ), 4U 1323–619 (Strohmayer & 

mith 2011 ), IGR J00291 + 5934 (Ferrigno et al. 2017 ), GS 1826–
38 (Strohmayer et al. 2018 ), EXO 0748–676 (Mancuso et al. 2019 ),
nd 1RXS J180408.9–342058 (Tse et al. 2021 ), these QPOs are 
ifferent from those generally found at higher frequencies. The 
roperties of the mHz QPOs observed in seven of the aforementioned 
ystems (4U 1636–53, 4U 1608–52, Aql X–1, 4U 1323–619, GS 

826–238, EXO 0748–676, and 1RXS J180408.9–342058; from 

ow on, group (1) are similar (although with some exceptions, in 
articular, for the case of 1RXS J180408.9–342058). For instance: 
i) the mHz QPOs are only detected in a specific range of X-ray
uminosities, L 2 −20 keV � (0 . 05 − 3 . 5) × 10 37 erg s −1 (see Table 1
n Tse et al. 2021 ); 1 (ii) they are intimately related to type-I X-ray
ursts, vanishing after the occurrence of a burst; (iii) their fractional 
ms amplitudes are of the order of ∼1–4 per cent and decrease from
2–3 per cent at ∼2.5 keV down to ∼0.2–1 per cent at ∼5 keV (e.g.
e vni vtse v et al. 2001 ; Altamirano et al. 2008 ; Lyu et al. 2020 ). In
ddition, in two sources of group 1, an increase of the rms amplitude
rom ∼0.2 keV to ∼2.5 keV was reported. Finally, a systematic 
requency drift of the mHz QPOs was also observed in at least three
ources in group 1 (Altamirano et al. 2008 ; Mancuso et al. 2019 ;

ancuso et al. 2021 ). 
Re vni vtse v et al. ( 2001 ) associated the mHz oscillations with a

pecial mode of nuclear burning on the NS surface. The findings 
f Yu & van der Klis ( 2002 ) supported this suggestion, who found
hat the frequency of the kHz QPO and the 2–5 keV flux variation
ue to the mHz QPO were anticorrelated in 4U 1608–52. This
nticorrelation is compatible with an enlargement of the inner disc 
adius driven by the flux excess from the NS surface during each
Hz QPO cycle. 
The features of the other two sources which showed mHz oscil-

ations differ from those observed in group 1. Linares et al. ( 2010 ,
012 ) found QPOs with frequencies of ∼2.8–4.5 mHz in the 11 Hz
ulsar IGR J17480–2446. The luminosity at which the oscillations 
ere seen was an order of magnitude higher ( L 2 −50keV ∼ 10 38 erg
 

−1 ) than in group 1. Furthermore, the authors reported a smooth
ight curve evolution from thermonuclear bursts to mHz QPOs at the 
utburst peak as the persistent flux increased and vice versa. This
s at odds with the mHz QPOs observed in group 1, in which the
scillations and the bursts can appear at the same flux level. Ferrigno
t al. ( 2017 ) found an ∼ 8 mHz QPO in the accreting millisecond X-
ay pulsar IGR J00291 + 5934. These oscillations, ho we ver, occurred
t a luminosity of ∼10 36 erg s −1 , i.e. an order of magnitude lower
ompared with the QPOs observed in group 1, and were undetectable 
t energies � 2 keV; the nature of these QPOs is still very uncertain.

Using numerical simulations, Heger, Cumming & Woosley ( 2007 ) 
ere able to reproduce the main characteristics of the mHz QPOs. 

n effect, their model predicts that, at the transition between the 
table and non-stable regimes, a special oscillatory mode of burning 
s expected, with a period of ≈ 100 s. This burning regime was found
o happen in a narrow range of mass accretion rates, explaining why
he mHz QPOs are only detected at a specific X-ray luminosity. The
hysical mechanism responsible for the oscillations proposed by 
 It is important to note that the lower limit of the luminosity at which 
Hz QPOs have been detected must be taken with caution, given that it 
as derived using a poorly constrained estimated distance. If we exclude 

his value, then the lower limit for the mHz QPOs detectability would be 
0.5 × 10 37 erg s −1 . 

2

L
S  

t
2  

w  
eger et al. ( 2007 ) is the marginally stable nuclear burning (MSNB)
f He on the surface of an NS. Some of the features derived from
he model, ho we ver, are inconsistent with observ ations. For instance,
hile the simulations indicated that the oscillations should appear 
ear the Eddington mass accretion rate, Ṁ Edd , observations put this 
alue close to ∼ 10 per cent Ṁ Edd (e.g. Revnivtsev et al. 2001 ). 
eger et al. ( 2007 ) argued that this discrepancy would disappear if

he accreted gas were confined to ∼10 per cent of the NS surface
s the accretion rate per unit area would be close to the Eddington
ate. Yet the possible process behind this confinement of the material
s still unclear. The suggestion of Heger et al. ( 2007 ) is supported
y the findings of Lyu et al. ( 2016 ), who found that the type-I X-
ay bursts that followed the mHz QPOs in 4U 1636–53 had positive
onv e xities in their light curves, a characteristic associated with the
ursts taking place at the NS equator (Cooper & Narayan 2007 ;
aurer & Watts 2008 ). Therefore, this could be evidence that the

ocal mass accretion rate is higher at the equator. Keek, Langer &
n’t Zand ( 2009 ) proposed a different explanation for the discrepancy
etween the predicted and observed mass accretion rate required for 
riggering the mHz QPOs. They noticed that combining a turbulent 
otational mixing of the accreted material and a higher heat flux from
he crust might explain the observed accretion rate value at which
he mHz QPOs are found. 

.1 4U 1730–22 

U 1730–22 is a transient LMXB detected for the first time in 1972
ith the Uhuru observatory (Cominsky et al. 1978 ). The system was

n outburst for approximately 200 d, until it turned into quiescence
Cominsky et al. 1978 ; Chen et al. 1997 ). Since then, 4U 1730–
2 has not been detected in outburst again until June 2021 (after
early 50 yrs). At the beginning of the outburst, it was identified by
AXI/GSC as a potentially new X-ray transient, with the tentative 

ame MAXI J1733–222 (Kobayashi et al. 2021 ). Ho we ver, it was
oon noted after follow-up observations with the Neil Gehrels Swift 
bservatory (Gehrels et al. 2004 ) that the outburst came from a
osition 0.8 arcsec away from CXOU J173357.5–220156, the source 
dentified by Tomsick, Gelino & Kaaret ( 2007 ) as the quiescent
ounterpart of 4U 1730–22 (Kennea et al. 2021 ). This demonstrated
hat 4U 1730–22 was the origin of the outburst. After a rapid bright-
ning of the source in July 2021 (Iwakiri et al. 2021 ), the Neutron
tar Interior Composition Explorer (NICER) observed for the first 

ime a thermonuclear X-ray burst, unambiguously establishing the 
ature of the compact object as an NS (Bult et al. 2021 ), as was
reviously suggested by Tomsick et al. ( 2007 ). Using photospheric
adius expansion bursts observed in the 2022 outburst, Bult et al.
 2022 ) obtained a source distance estimate of 6.9 ± 0.2 kpc. Burst
scillations at a frequency of 584.65 Hz were also found in one of
he bursts detected in the 2022 outburst (Li et al. 2022 ). 

In this paper, we report the disco v ery of mHz QPOs in the NS
MXB 4U 1730–22 during its last 2022 outburst and discuss its

ikely association in the context of the marginally stable nuclear 
urning theory. 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

aunched in June 2017 and installed on the International Space 
tation, NICER (Gendreau & Arzoumanian 2017 ) is a soft X-ray

elescope. NICER X-ray Timing Instrument (XTI; Gendreau et al. 
016 ) consists of 56 coaligned X-ray concentrator optics, each paired
ith a silicon-drift detector (Prigozhin et al. 2012 ). With 52 out of the
MNRAS 521, 5616–5623 (2023) 
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6 detectors operating, NICER co v ers the 0.2–12 keV energy range
nd provides an ef fecti ve area of ≈1900 cm 

2 peaking at 1.5 keV. 
NICER observed 4U 1730–22 during its last outburst starting

n 2022 February 14. In this paper, we analysed data until 2022
ugust 18, distributed among 136 observations. Each observation

onsists of 1 −10 data segments. We also analysed for completeness
he observations of the previous outburst of the source (under the
bsIDs 42022001mm, with mm ranging from 01 to 34), i.e. the one
hat took place between early June and late August 2021. 

We processed the NICER observations using HEASOFT version
.30.1 and NICERDAS version 9, along with the calibration database
CALDB) version 20210707. We filtered the data applying the
tandard screening criteria, i.e. pointing offset < 54 arcsec, bright
arth limb angle > 30 ◦, dark Earth limb angle > 15 ◦, and outside the
outh Atlantic Anomaly, via the task nicerl2 . These filters result

n a total filtered exposure time of ∼428 ksec. 
In order to create background-subtracted light curves, we used

he nibackgen3C50 tool, version 7 (Remillard et al. 2022 ) to
stimate the background. We used XSPEC version 12.12.1 (Arnaud
996 ) for the spectral analysis. We grouped the spectra using the
optimal binning’ scheme (Kaastra & Bleeker 2016 ), with a minimum
f 25 counts per energy bin, using the ftools ftgrouppha . The
etector response files were generated with the tasks nicerarf
nd nicerrmf , respectively. 

Under the assumption that mHz QPOs are detected at low energies
see, e.g. Altamirano et al. 2008 ), we produced 1s time resolution
ight curves in the 0.5–5.0 keV energy range for each NICER data
et with the tool xselect . We then proceeded to search for mHz
POs by means of the Lomb −Scargle periodogram (LSP; Lomb
976 ; Scargle 1982 ; Press et al. 1992 ) in each individual gap-free
ata segment. In a few instances, after having detected the mHz
scillations, and to fill the gaps in the data, we re-ran the task
icerl2 either relaxing the parameter nicersaafilt to ‘no’ or

he range of overonly range to 0–10. 2 Each time we detected a
hermonuclear X-ray burst, we applied the LSP to look for variability
efore and after each burst. We determined the mHz QPO frequency,

QPO , as the frequency at which the power peaks in its respective
eriodogram. To estimate the significance level of the detections, we
ollowed Press et al. ( 1992 ) by assuming white noise and taking into
ccount the number of trials, i.e. the number of frequencies searched,
hich varies from data-segment to data-segment. All the detections

eported in this work have a significance > 4 σ (i.e. a false-alarm
robability < 3.2 × 10 −5 ) and a data length of at least 700 s. 
We created the hardness-intensity diagram (HID) to investigate

he relationship between the spectral state of the source and the
ccurrence of mHz oscillations. Following Bult et al. ( 2018 ), we
roduced 16 s binned light curves in the 3.8–6.8 and 2.0–3.8 keV
nergy bands. We defined the intensity as the count rate in the energy
ange 0.5–6.8 keV and calculated the ‘hard colour’ as the count rate
atio in the range 3.8–6.8 and 2.0–3.8 keV. In order to compute the
ard colour and the intensity, we remo v ed the type-I X-ray bursts. 
To study the energy dependence of the mHz QPOs, we folded each

ight curve in which we detected the oscillations in different energy
ands using its measured frequency. We then fitted each folded light
urve with a model consisting of a sinusoidal function plus a constant.
e calculated the fractional rms amplitude of the oscillations within

 data segment as a function of the energy through the formula
ms = A/ [ 

√ 

2 × ( C − B)], where A is the sinusoidal amplitude of
NRAS 521, 5616–5623 (2023) 
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i  

F  

o  

i  
he oscillations, C the constant persistent level, and B the estimated
-ray background count rate. 

 RESULTS  

.1 Outburst evolution 

n Fig. 1 we show the long-term light curves of both the 2021 and
he last 2022 outburst of 4U 1730–22 with NICER (0.5–10 keV)
nd with MAXI (2–20 keV; Matsuoka et al. 2009 ). During the 2021
utburst, NICER observed the source between 9 June (MJD 59374)
nd 29 August (MJD 59455). The source showed a relatively constant
-ray flux at ∼37 cts s −1 o v er the first 6 d from the beginning of the

ampaign. Then the flux started increasing smoothly for several days.
t around day 22, the intensity rose more quickly from ∼150 cts s −1 

o ∼280 cts s −1 in two days. After a data gap of 3 d, the source flux
ecreased roughly monotonically from ∼710 cts s −1 down to ∼470
ts s −1 in a week. At approximately day 30, the first thermonuclear
-ray burst was observed from this source (see the blue arrow in
ig. 1 and Bult et al. 2021 ). Only five observations were performed
fter that during the next 37 d. The source flux was ∼60 cts s −1 ,
uggesting that the system was returning to quiescence. 

Almost 6 months later, the MAXI nova alert system (Negoro et al.
010 ; nova ID 9623521891) reported a second outburst from 4U
730–22 on 2022 February 13. NICER started observing the 2022
utburst of the source on 2022 February 14 (MJD 59624) until 2022
ugust 18 (MJD 59809; but see Section 2 ). During the 2022 outburst

see Fig. 1 ), the onset of the NICER campaign began when the source
as already at an intensity of ∼600 cts s −1 . Throughout the first 17 d
f observations, the average X-ray flux of 4U 1730–22 decreased
ontinuously. In this period, the first type-I X-ray burst was detected
see the red arrows in Fig. 1 ). After that, the count rate increased
rom below ∼600 cts s −1 up to ∼800 cts s −1 . The source remained at
his X-ray level for approximately three weeks, although a noticeable
rop in intensity at day ∼290 is observed. During this time interval,
he system e xhibited sev eral X-ray bursts. A detailed analysis of the
7 X-ray bursts is presented in Bult et al. ( 2022 ). From about day 293
nwards, the flux decreased slowly but steadily albeit with multiple
ntensity increases until day 390. Afterwards, 4U 1730–22 declined
o a low luminosity regime ( � 40 cts s −1 ) in ∼ 5 d. 

In Fig. 2 , we show the HID for both the 2021 and 2022 outbursts
f 4U 1730–22. The source was sampled in two distinctive states.
 high luminosity (with count rates � 250 cts s −1 ) and soft (with
ard colours between ∼0.24 and ∼0.32) state, and a low luminosity
 � 50 ct s −1 ) but harder (with hard colours � 0.30) state. These two
ifferent states were identified by Bult et al. ( 2022 ) as a bright soft
tate and a faint hard state. 

.1.1 One or two outbursts? 

U 1730–22 showed a fast decrease of the flux from its 2021 peak
utburst in around 40 d, indicating that the source was returning to
uiescence. NICER observed the system until 2021 August 29. After
his date, the source was not observed with pointed observations of
nstruments such as XMM-Newton, Chandra, NuSTAR or Swift, at
east until the beginning of the bright state in February 2022. The

AXI all-sky monitoring instrument observed 4U 1730–22 when
t was in a very low luminosity phase (see filled grey points in
ig. 1 ) between September 2021 and February 2022. These MAXI
bserv ations sho wed e vidence of X-ray flux v ariability, particularly
n No v ember 2021 (around day 160 in Fig. 1 ). Thus, it cannot

https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerl2.html


mHz QPOs detection in 4U 1730–22 with NICER 5619 

Figure 1. Temporal evolution of the 2021 and 2022 outbursts of 4U 1730–22. Each black data point represents the count rate in the 0.5–10 keV band of NICER 

binned to 256 s for the case of the 2021 outburst and to 32 s for the 2022 outburst. Each grey data point corresponds to the average MAXI daily count rate per 
unit area in the 2–20 keV range. Type-I X-ray bursts were remo v ed for clarity and marked with a blue arrow for the only burst detected in 2021 and with red 
arrows for those detected in 2022. t = 0 corresponds to the trigger of the NICER campaign. The blue dash-dotted horizontal line marks the peak count rate of 
the 2021 outburst. 
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e ruled out that this re-brightening was the actual onset of the
econd outburst (the one we called ‘2022 outburst’). Ho we ver, the
arge uncertainties in the data and the lack of supporting X-ray 
bserv ations pre vents us from confirming this result. We are then
nable to conclusively determine whether the source was ever in 
uiescence between September 2021 and February 2022 due to the 
ack of pointed observations. If 4U 1730–22 underwent only one 
utburst beginning in June 2021, this would indicate that this outburst
as the longest ever recorded for this source. 

.2 Detection of millihertz quasi-periodic oscillations 

e looked for the presence of mHz oscillations in the whole NICER
ata set. We did not find any significant cases of mHz QPOs in
he 2021 outburst. Throughout the 2022 outburst, we detected 45 
nstances of mHz QPOs with significances greater than 4 σ and in data
ets longer than 700 s in a total of 35 observations. The mHz QPO
requency was approximately constant within a data segment and 
etween ∼ 4.5 and 8.1 mHz in the full data set. This is consistent with
he frequency range of the mHz oscillations reported in other sources
e.g. Re vni vtse v et al. 2001 ). The data segments in which we observed
he oscillations last between ∼ 0.7 ksec and up to ∼ 2.0 ksec. We did
ot find any evidence of systematic frequency drift within any of the
ndividual data segments, probably due to the relatively short length 
f the data sets where we detected the mHz QPOs. 
In Figs 3 and 4 , we show two representative examples 

f background-subtracted light curves (obsID 4 639 010 144 and 
202200143) of segments in which we detected mHz QPOs. In both 
ases, we also show in the insets each corresponding LSP. In the
wo instances, a prominent QPO is observed at ∼ 7 mHz and ∼ 6.4
Hz, respectively. In the second example, a possible harmonic is 

lso detected at ∼ 12.8 mHz. A similar result was reported by Fei
t al. ( 2021 ), who found a harmonic component in a limited number
f cases of data segments with mHz QPOs in 4U 1636–53. 
We also found the mHz QPOs prior to the occurrence of a type-I

-ray burst in two cases. We show a representative light curve in
ig. 5 . We did not find evidence of the oscillations after the bursts in

he ∼ 200 s of data available after the end of the bursts. 
In Fig. 6 we plot two representative examples of the energy

ependence of the fractional rms amplitude. We found an increasing 
rend of the rms amplitude with energy up to ∼3 keV in some
ases (see left panel of Fig. 6 ), whereas in others, the energy
ependence was consistent with being constant (see right panel in 
ig. 6 ). The averaged fractional rms amplitude was ∼2–3 per cent.
t is worth mentioning that we could only calculate upper limits (at
9.7 per cent confidence level) of the rms amplitude at energies larger
han ∼3.5 keV. 

 DI SCUSSI ON  

.1 The origin of the millihertz quasi-periodic oscillations 

e report the disco v ery of mHz QPOs in the NS LMXB 4U 1730–22
uring its 2022 outburst. The properties of the mHz QPOs that we
bserved in 4U 1730–22 are consistent with those found in other
MNRAS 521, 5616–5623 (2023) 
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Figure 2. HID of 4U 1730–22 for all NICER data obtained during both the 2021 and 2022 outbursts. The hard colour is defined as the count rate ratio between 
the bands 3.8–6.8 and 2.0–3.8 keV, while the intensity is computed as the 0.5–6.8 keV count rate. Each filled grey square represents the hardness and the 
intensity of the source averaged per orbit from the 2021 outburst, whereas each solid black circle indicates those from the 2022 outburst. We also marked the 
mHz QPOs detections with blue diamonds. 

Figure 3. NICER background-subtracted light curve (obsID 4639010144) 
in the 1.0–5.0 keV energy range of 4U 1730–22 rebinned to 16 s of an 
observ ation sho wing mHz QPOs. The corresponding LSP is sho wn in the 
inset. A prominent QPO is observed at a frequency of � 7 mHz. 
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Figure 4. NICER background-subtracted light curve (obsID 4202200143) 
in the 1.0–5.0 keV energy range of 4U 1730–22 rebinned to 16 s of an 
observ ation sho wing mHz QPOs. The corresponding LSP is sho wn in the 
inset. Note not only the significant QPO observed at a frequency of � 6.4 
mHz, but also the possible harmonic component at � 12.8 mHz. 
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ources, namely, 4U 1636–53, 4U 1608–52, Aql X–1, 4U 1323–619,
S 1826–238, EXO 0748–676, and 1RXS J180408.9–342058. 
We detected the mHz oscillations with frequencies between ∼ 4.5

nd ∼ 8.1 mHz. These frequencies are within the range of QPO
requencies reported in the aforementioned sources ( ∼ 4–14 mHz;
e vni vtse v et al. 2001 ; Strohmayer & Smith 2011 ; Strohmayer
t al. 2018 ; Mancuso et al. 2019 ; Tse et al. 2021 ; Mancuso et al.
021 ). More importantly, we found two cases in which the mHz
NRAS 521, 5616–5623 (2023) 
scillations were followed by a thermonuclear (type-I) X-ray burst
nd disappeared afterwards (see Fig. 5 ). This is one of the main
haracteristics that separates mHz QPOs from other types of QPOs
bserved in NS systems. These mHz QPOs are interpreted as the
arginally stable nuclear burning of He on the NS surface (Heger

t al. 2007 ). 
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Figure 5. Background corrected light curve 16 s binned in the energy band 
1.0–5.0 keV of the NICER observation 4 639 010 131 of 4U 1730–22. The 
plot shows mHz oscillations for around ∼ 1 ksec until the occurrence of a 
type-I X-ray burst. 
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We explored the relationship between the source spectral state and 
he occurrence of the mHz QPOs through the HID. We detected the
Hz QPOs when the source was in a bright and soft spectral state

Bult et al. 2022 ) during the NICER observations (see Fig. 2 ). The soft
tate identification is supported by the fact that the source spectrum 

as well described by an absorbed two-thermal emission component 
a disc blackbody and a blackbody model) with temperatures kT in � 

.8 keV and kT bb � 1.6 keV (see below). A full spectral analysis of
U 1730–22 is beyond the scope of this paper and has already been
erformed by Chen et al. ( 2022 ). Our model is consistent with those
bserved during the soft state in other sources, in which thermal 
omponents are generally predominant (see, e.g. Lin, Remillard & 

oman 2007 and references therein; Tarana et al. 2011 ). Therefore, 
e infer that we found the mHz QPOs when 4U 1730–22 was in a

oft spectral state. This is in agreement with the spectral colours of
he mHz QPO detections in other systems 3 (Re vni vtse v et al. 2001 ;
ltamirano et al. 2008 ; Strohmayer et al. 2018 ; Mancuso et al. 2019 ;
yu et al. 2019 ; Mancuso et al. 2021 ). 
We studied the energy dependence of the fractional rms amplitude 

f the mHz pulses in 4U 1730–22. Fig. 6 (left panel) shows a slight
ncrease of the fractional rms amplitude with energy, from 1 keV up to

3 keV. A similar behaviour was previously reported by Strohmayer 
t al. ( 2018 ) in observations of GS 1826–238 with NICER and by
yu et al. ( 2020 ) in observations of 4U 1636–53 with NICER and
MM-Newton. In both works, a clear increasing tendency of the rms

mplitude of the mHz QPOs was found below ∼ 3 keV. Our results
upport the speculation of Lyu et al. ( 2020 ) that the increasing trend
p to ∼3 keV is an intrinsic characteristic of the mHz QPOs. 4 For
he rest of the sources (4U 1608–52, Aql X–1, 4U 1323–619, and
XO 0748–676), such feature could not be confirmed given that 

he oscillations were mainly observed with the Rossi X-ray Timing 
 In some instances, the oscillations were detected at the transition between 
he soft and intermediate states (Altamirano et al. 2008 ; Mancuso et al. 2019 ; 

ancuso et al. 2021 ). In the case of 1RXS J180408.9–342058, the source 
as in a hard spectral state (Tse et al. 2021 ). 
 Note that in 1RXS J180408.9–342058, the opposite trend was reported. 

d

Q
e  

r  

fi  

‘  
xplorer (RXTE), which operated at energies abo v e 2 keV. We also
ound instances in which the trend is less clear. In some cases, the
ms spectra were compatible with being constant with energy below 

3.5 keV. In others, a modest increase below ∼ 2 keV and a decrease
t higher energies could not be discarded either (see right panel in
ig. 6 ). The large uncertainties prevented us from reaching a firm
onclusion. 

F or energies abo v e ∼2.5 keV and up to ∼5 keV, a systematic
ecrease of the rms amplitude has been observed in 4U 1636–53
nd 4U 1608–52 (Re vni vtse v et al. 2001 ; Altamirano et al. 2008 ;
yu et al. 2020 ). For the case of GS 1826–238, Strohmayer et al.
 2018 ) reported a flattening of the rms amplitude abo v e ∼3 keV. In
U 1730–22, we could only calculate upper limits (at 99.7 per cent
onfidence level) of the rms amplitude at energies � 3.5 keV, with
alues of ∼3–4 per cent. This might be due, on the one hand, to the
eduction of the ef fecti ve area of the NICER detectors at energies
bo v e ∼3 keV and on the other hand, to the fall in intensity of the
ystem at high energies. Therefore, given the large uncertainties, we 
re unable to test whether our results are different from those reported
n the aforementioned sources. 

To estimate the luminosity at which the oscillations occurred, 
e identified the data segments in which the QPOs were present

nd had the highest and lowest flux in the 0.5–10 keV energy
and. Then, we selected the two data segments closest in both
ux and time to the highest/lowest flux segments that did not
ontain QPOs. We a v oided the data segments with mHz oscillations
ince models predict a modulation of the temperature of the NS
urface along the mHz cycle (Heger et al. 2007 ), which might
ignificantly affect the spectral fittings (but see below). We finally 
xtracted the respective source and background spectrum via the 
ibackgen3C50 tool, and created the response and ancillary files 

see Section 2 ). The spectra are reasonably well described by two
hermal components, a blackbody ( bbodyrad in XSPEC) plus a 

ultitemperature blackbody disc ( diskbb in XSPEC; Mitsuda et al. 
984 ; Makishima et al. 1986 ) models. We used phabs to take into
ccount the interstellar absorption along the line of sight, together 
ith ‘wilm’ abundances (Wilms, Allen & McCray 2000 ) and ‘vern’

ross-sections (Verner et al. 1996 ). We multiplied our model by the
onvolution model cflux to calculate the extrapolated unabsorbed 
ux in the 2–20 keV energy range. To compute the luminosities,
e used the distance estimated by Bult et al. ( 2022 ), i.e. d =
.9 kpc. We found that the X-ray luminosity was constrained to
 X � (0.5 − 1.2) × 10 37 erg s −1 (these estimates do not take the
ncertainties in the distance). Assuming an Eddington luminosity of 
 Edd = 3.8 × 10 38 erg s −1 (Kuulkers et al. 2003 ) for a canonical
S of 1.4 M �, our results suggest that the mHz QPOs occurred
hen 4U 1730–22 had a luminosity of 1–4 per cent L Edd . These
alues of the luminosity at which the mHz oscillations are seen are
ompatible with previous works on other sources (Revnivtsev et al. 
001 ; Altamirano et al. 2008 ; Strohmayer et al. 2018 ; Mancuso et al.
019 ; Tse et al. 2021 ). The fact that we detected the mHz QPOs in
 relati vely narro w range of luminosities would explain why we did
ot find any significant case of QPOs during the previous outburst. In
he 2021 outburst, the source spent a small fraction of the observed
ime at high enough luminosities at which the QPOs might have been
etected (see Fig. 2 ). 

Another alternativ e e xplanation for the non-detection of mHz 
POs during the 2021 outburst would be the following. Cavecchi 

t al. ( 2020 ) studied how the burst rate changes with the accretion
ate in fiv e LMXBs. The y observ ed a consistent pattern across all
ve sources: the burst rate initially increased to reach a peak (the
first branch’) and then declined as the accretion rate increased (the
MNRAS 521, 5616–5623 (2023) 
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Figure 6. Representative examples of the fractional rms amplitude versus energy of the mHz oscillations observed with NICER in 4U 1730–22. The points 
represent the middle energy (band) whereas the horizontal error bar the whole energy band used in each case. The left panel shows an increasing tendency of 
the rms towards higher energies up to ∼ 3 keV. Instead, the right panel shows an apparent flattening of the rms amplitude with increasing energy below ∼ 3 keV. 
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second branch’). The critical mass accretion rate at which the burst
ate started decreasing was anticorrelated with the NS spin frequency.
he authors attributed the decrease in the burst rate to the stabilization
f the burning on a growing portion of the NS surface. They suggested
hat the stabilization would begin probably first around the equator,
nd then mo v e towards other latitudes. In addition, Cav ecchi et al.
 2020 ) noted that, for 4U 1636–53, the mHz QPOs appeared right
efore the onset of the stabilization and were present in the second
ranch. If we assume that 4U 1730–22 behaves similarly to the
ources studied by Cavecchi et al. ( 2020 ), we can explain the absence
f mHz QPOs during the 2021 outburst as the source being in its first
ranch, with local mass accretion rates below the critical value for
he stabilization. Throughout the 2022 outburst, either different local
onditions for the mass accretion rate or a different fuel composition
long the latitude (due to the effect of rotationally induced mixing)
ay have led to an early stabilization of a fraction of the NS and

ence, the appearance of the oscillations. 
We attempted to carry out phase-resolved spectroscopy of the
Hz QPOs to further investigate the possible connection between

he oscillations and the predicted modulation of the temperature of
he NS surface (Heger et al. 2007 ). Ho we ver, the relati vely short
ength of the mHz QPOs data segments sample prevented us from
btaining any meaningful result due to an insufficient signal-to-noise
atio. Even if adding and averaging all the mHz QPOs cases could
ave been a way to improve the signal-to-noise ratio, the fact that
he oscillations were observed at different persistent emission levels,
mplying changes in the component models and/or in their parameter
alues, impeded performing the analysis. 

In conclusion, based on all the similarities described abo v e
etween the observational properties of the mHz oscillations seen
n 4U 1730–22 and in the previously reported sources, we conclude
hat the origin of the mHz QPOs we observed in this source is
ery likely the same as in the other systems, i.e. due to MSNB of
e in the NS surface (Heger et al. 2007 ). This makes 4U 1730–22

he eighth source which shows QPOs associated with the MSNB
henomenology. 
Up to date, all the previous systems which exhibited mHz QPOs

re either persistent sources or underwent multiple outbursts in the
ast decades (see Section 1 ). This is the first time we observe mHz
POs in a system which had been in quiescence for almost 50 yrs
NRAS 521, 5616–5623 (2023) 
see Section 3.1.1 ). It then opens a question if any NS LMXB,
ndependently of its accreting history, might reach the necessary
onditions on the NS surface for MSNB. F or e xample, the heat
ux from the NS crust could affect the frequency of the oscillations
aking it decrease (Keek et al. 2009 ), but might not be a factor for

he onset of the mHz QPOs. In any case, more theoretical work will
e required to better understand how the key parameters (such as the
S surface temperature or the density) go v ern the occurrence of the
Hz QPOs. 

.2 Summary 

e report the disco v ery of mHz quasi-periodic oscillations during
he last 2022 outburst in the NS LMXB 4U 1730–22. Our findings are
onsistent with those found in other sources and therefore strongly
uggest that the mechanism responsible for the mHz QPOs is shared
mong the different systems. This makes 4U 1730–22 the eighth
ource showing mHz QPOs associated with MSNB, together with
U 1636–53, 4U 1608–52, Aql X–1, 4U 1323–619, GS 1826-238,
XO 0748–676, and 1RXS J180408.9–342058. 
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