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Abstract Plasma accreted onto the surface of a neutron star can ignite due to un-
stable thermonuclear burning and produce a bright flash of X-ray emission called
a Type-I X-ray burst. Such events are very common; thousands have been ob-
served to date from over a hundred accreting neutron stars. The intense, often
Eddington-limited, radiation generated in these thermonuclear explosions can have
a discernible effect on the surrounding accretion flow that consists of an accretion
disk and a hot electron corona. Type-1 X-ray bursts can therefore serve as direct,
repeating probes of the internal dynamics of the accretion process. In this work we
review and interpret the observational evidence for the impact that Type-I X-ray
bursts have on accretion disks and coronae. We also provide an outlook of how to
make further progress in this research field with prospective experiments and anal-
ysis techniques, and by exploiting the technical capabilities of the new and concept
X-ray missions ASTROSAT, NICER, Insight-HXMT, eXTP, and STROBE-X.

Keywords accretion, accretion disks - stars: coronae - stars: jets - stars: neutron -
X-rays: binaries - X-rays: bursts

1 Introduction

Astronomical bodies can gravitationally attract material from their surroundings.
This process, known as accretion, plays a fundamental role at all scales encountered
in the universe and therefore forms a central theme in astrophysics. Low-mass X-
ray binaries (LMXBs) are excellent laboratories to study accretion processes. In
these systems a stellar remnant, either a black hole (BH) or a neutron star (NS),
accretes the outer gaseous layers of a companion star that has a lower mass than
the compact primary. Apart from the compact primary and the donor star, the
main components involved in the accretion process in LMXBs are an accretion
disk (Section and a hot electron corona (Section . Moreover, accretion is
universally linked to collimated outflows called jets (Section , which are likely
also connected to coronae.

Although the theory of high-energy emission from LMXBs is generally well
developed, the nature of the X-ray emitting corona remains poorly understood.
The concept of a corona, a hot gas flow producing non-thermal radiation, has
been widely used in connection to modeling spectral state transitions in LMXBs
and the interplay between disks and jets (see Section . The intrinsic properties
of these coronae are difficult to obtain and quite different views are proposed in
the literature. Interestingly, Type-I X-ray bursts (shortly X-ray bursts hereafter;
Section [2)|'| ignited on the surface of accreting NSs can offer a dynamic probe of
the accretion flow in LMXBs, including coronae.

It has long been appreciated that there is an intricate connection between the
properties of the accretion flow (e.g. the mass-accretion rate, accretion geometry,
and composition of the accreted material), and the observable properties of X-
ray bursts (e.g. their duration, repetition time, peak flux, and spectral evolution).
Following early studies (e.g. |[Fujimoto et al.l 1981} |1987; Lapidus & Sunyaevy, |1985;

1 There are two Galactic NS LMXBs that exhibit so-called Type-II X-ray bursts; the “rapid
burster” MXB 1730-335 and the “bursting pulsar” GRO J1744-28. Opposed to Type-I X-
ray bursts, the Type-II events are thought to result from accretion instabilities rather than
thermonuclear burning (see e.g. [Bagnoli et al.l 2015, for a recent extensive discussion of the
Type-II X-ray burst phenomena).
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van Paradijs et al., |1988), there have been excellent reviews on this topic (e.g.
Lewin et al.| [1993; [Bildstenl, |{1998} [Strohmayer & Bildsten, 2006; |Galloway et al.|
2008), and many new results have been obtained in recent years (e.g. |Cavecchi
et all 2011} [in ’t Zand et al.l 2012} [Watts, 2012} |Chakraborty & Bhattacharyyal
2014; Kajava et al.,|2014; |Chenevez et al.| |2016} Mahmoodifar & Strohmayer| 2016
Ootes et al., 2016).

The reverse side of the coin gained much attention in the past few years. In-
deed, the intense radiation of an X-ray burst can have a discernible effect on the
surrounding accretion flow; on both coronae and disksE| To investigate the prop-
erties of the corona it is useful to have a probe characterized by intense soft X-ray
emission released in a short time interval, exactly the properties delivered by X-
ray bursts (Section . The rapid increase of soft photons caused by an X-ray
burst can interact with the corona via inverse Compton scattering, which can be
expected to lead to cooling of the hot plasma. This mechanism is not unlike the
coronal evolution inferred from transitions between different spectral states (see
Section . Furthermore, the radiation pressure force caused by the thermonu-
clear detonations may blow away the corona and lead to a coronal ejection (see
Section . X-ray bursts occur frequently, every few hours for several NSs, and
their X-ray emission can generally be well described by a black body with a color
temperature of tens of millions of Kelvin (i.e KTy, of a few keV). Since the corona
dominates the emission above ~40 keV, it can be disentangled from the X-ray
burst spectrum. These explosions thus represent a repeating experiment to inves-
tigate corona cooling and recovery in response to an intense shower of soft X-ray
photons.

Since jets appear to be connected to coronae, these collimated outflows may
not escape the impact of X-ray bursts either. Jets are likely fed by large scale
height magnetic fields (see Section and the effects of the influx of soft photons
into the corona may have important implications for jet production. If the corona
is blown apart, then the region containing the large scale height magnetic fields
which feed the jet is removed with it. Even if the corona is merely cooled off, if
it collapses dynamically the jet power may be affected. Understanding how the
jet flux responds to an X-ray burst may thus help us to understand how jets are
powered.

Apart from affecting coronae, the impulsive luminosity changes caused by X-
ray bursts are also expected to influence the accretion disk, causing it to be heated,
puffed up, blown away, or dragged inward (see Section . Illumination of the
accretion disk by an X-ray burst can cause reflection features; these can be a
powerful tool to constrain the physical structure of the inner accretion disk and
how it is affected by the violent explosion. Furthermore, quasi-periodic oscillations
(QPOs) with kHz frequencies are considered to probe the innermost disk regions,
and are observed to change in response to X-ray bursts. Like coronae, accretion
disks are also connected to outflows, albeit in the form of (non-collimated) winds.
These winds are launched relatively far from the compact object and may not
be directly influenced by X-ray bursts. Nevertheless, a thermonuclear explosion
may cause a (radiatively-driven) wind-like outflow from the inner accretion disk
or cause the ejection of a nova-like shell of material from the NS (see Section [21).

2 In this review we use the general term “accretion flow” to refer both to the accretion disk
and the corona.
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All this indicates that studying X-ray burst-induced changes to an accretion disk is
a promising, direct way to explore the internal dynamics of the accretion process.

The purpose of the present work is not to review how the observational prop-
erties of X-ray bursts are connected to that of the accretion flow, but rather to
scrutinize the reverse interaction: how X-ray bursts impact accretion disks and
coronae. In particular, we will review to what extent the disruption and subsequent
restoration due to a thermonuclear explosion can increase our knowledge about the
geometry and dynamics of the accretion flow. After introducing the phenomenol-
ogy of X-ray bursts (Section , accretion disks, coronae and jets (Section , we
give an overview of the observational evidence for X-ray bursts interacting with
the accretion flow (Section E[) We then lay out the current theoretical framework
for interpreting these results (Section . Having reviewed the current status of
this research field, we next discuss the prospects of using X-ray bursts as a probe
of the accretion flow in future studies, in particular by employing new and concept
X-ray missions as well as multi-wavelength efforts (Section @ We conclude with
a summary in Section m

2 Type-1 X-ray bursts

X-ray bursts (Belian et al) [1976} |Grindlay et all [1976} [Hoffman et al., [1978D)
result from thermonuclear flashes on an accreting NS, which are caused by the
unstable ignition of a layer of He and/or H-rich material supplied by the low-mass
companion star (Hansen & van Horn| (1975); [Woosley & Taam)| (1976)); Maraschi
& Cavaliere| (1977)); [Lamb & Lamb]| (1978]); see [Lewin et al.| (1993); [Strohmayer
& Bildsten| (2006]) for reviews). The first X-ray burst was, in hindsight, detected
in 1969 by Vela 5b, from the nearby transient NS LMXB Cen X-4
. After nearly 5 decades of X-ray burst detections, this very first one still
stands as the brightest ever detected, reaching an estimated bolometric flux of
~ 2x107% ergem™2 57! (see [Kuulkers et al.| (2009) for a re-analysis of this
event). To date, many thousands of X-ray bursts have been detected (e.g. [van

[Paradijs et all, [1988} [Cornelisse et all, 2003} [Sakamoto et all, 2003} [in 't Zand|
let all, 2004} [Chenevez et all 2008} [Galloway et al., [2008} [Jenke et al. [2016] for
compilations using different instrumentsﬂ from over a hundred NS LMX\FSﬁ
X-ray bursts generally appear as short transient events that have a character-
istic light curve shape and spectral evolution. The X-ray intensity rises rapidly
on a time scale of seconds, and decays back to the pre-burst level on a longer
timescale (e.g. [Lewin et all [1993)). Traditionally, X-ray burst decays have been
described with an exponential function, but when high signal to noise ratio data
are analyzed, a power-law decay is often a better description and sometimes com-
plex shapes are observed (e.g. [in ’t Zand et al. |2014a}; Kuuttila et al., 2017). The
duration of X-ray bursts commonly ranges from several seconds up to several min-
utes, and the total radiated output is typically ~ 1039 erg (e.g.
, although longer and more energetic X-ray bursts are also observed (see
Section. The time intervals between subsequent X-ray bursts from relatively
bright X-ray sources are typically of the order of hours to days. This recurrence

3 See the Multi-INstrument Burst ARchive at http://burst.sci.monash.edu/minbar (MIN-
BAR; |Galloway et al[2010a)).

4 See https://personal.sron.nl/~jeanz/bursterlist.html (maintained by Jean in ’t Zand).



http://burst.sci.monash.edu/minbar

Accretion disks and coronae in the X-ray flashlight 5

time is thought to be determined by the time required for the NS to accumulate
enough fuel to power another X-ray burst (e.g. [Fujimoto et all [1981; |Ayasli &
1959f]

The X-ray burst spectra generally harden during the rise and soften during the
decay. This has been attributed to the heating and cooling of the uppermost layers
of the NSE' The spectra can generally be satisfactorily described by black-body
emission from spherical regions with radii of ~10 km at inferred temperatures up
to kTpp, ~ 3 keV (e.g. Swank et al [1977; Hoffman et all [1977)), although the
underlying physics is complex and only captured by appropriate NS atmosphere
models (e.g. [London et al| (1986)); [Lapidus et al| (1986)); see |[Suleimanov et al.|
(2011bl[2012));|Nattila et al.| (2015); Medin et al.| (2016) for recent computations). In
some cases rapid variability on millisecond time scales, so-called burst oscillations,
are detected during X-ray bursts and these can be used to infer the spin period of
the NS (Strohmayer et al|(1996); see |Strohmayer & Bildsten| (2006)); Watts| (2012)
for reviews).

2.1 Photospheric radius expansion (PRE)

Under certain conditions the local luminosity generated during an X-ray burst may
reach or exceed the Eddington limit and hence matter may be pushed outward
by radiation pressure. As a result, the NS photosphere expands and this causes
the emitting area to increase while the observed black-body temperature drops.
When the surge of energy release is over, the photosphere gradually returns to its
original radius, causing the emitting area to decrease and the inferred temperature
to increase again. During these expansion and contraction phases, the luminosity
is expected to be close to the Eddington limit. After the photosphere recedes to its
original radius (called “touch-down”) cooling is typically observed. This phenom-
ena is referred to as photospheric radius-ezpansion; PRE for short (e.g.
let all |1980; [Ebisuzaki et al., |1983} |[Lewin et al., [1984}; Tawara et al., [1984b)).
About 20% of all X-ray bursts exhibit PRE and the typical amplitude of the
radius expansion is a factor of &~ 3 (Galloway et al., |2008). On rare occasions,
however, extreme-PRE X-ray bursts have been observed during which the emit-
ting radius increases by a factor of ~ 102, i.e. out to ~ 10% km (e.g. [Lewin et al.|
(1984} | Tawara et al.,|1984alb). This phenomena occurs in only ~1% of X-ray bursts,
has been termed “superexpansion” and suggests the ejection of a nova-like shell
of material (e.g.|in 't Zand & Weinberg], [2010)). If the radiative flux is low enough,
the atmosphere can achieve equilibrium by expanding (since the Eddington flux
increases with increasing radius), but for X-ray bursts that (far) exceed the Ed-
dington limit this equilibrium cannot be accomplished and gives rise to a radiative
wind (e.g. [Hanawa & Sugimoto, [1982; [Paczynski & Proszynski, (1986} [Fujimoto|
let al.l [1987; Woosley et al., 2004)). In the few cases where the expansion timescale

5 Rotation-induced mixing of chemical elements in the surface layers of the NS may also
affect the recurrence time of X-ray bursts (e.g. [Piro & Bildsten)} 2007} [Keek et al., [2009).

6 At high accretion rates, around the regime where thermonuclear burning may be stabiliz-
ing, there are not always clear signs of cooling during X-ray bursts (e.g. [Kuulkers et al.| [2002}
|in t Zand et al., |2009b} |Linares et al., 2010} |2011]).
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could be measured, this was so short that the ejections must have been mildly
relativistic (=~ 0.1 — 0.3¢; in ’t Zand et al., |2014b[)m

2.2 Long X-ray bursts

There appears to be a separate class of so-called “intermediate-duration bursts”,
which have a radiated energy output of ~ 10%9~%! erg and a typical duration
of tens of minutes (e.g. Swank et all [1977; Hoffman et all [1978b; [in 't Zand|
et al.| [2005D, 2011} Molkov et al. [2005; [Chenevez et all, [2008; [Falanga et al., 2008}
Kuulkers et al.,[2010). These events are thus significantly longer and more energetic
than common (short) X-ray bursts. Many of the intermediate-duration bursts are
detected from NSs that accrete at a low rate of ~0.1-1% of the Eddington limit,
and are thought to result from the ignition of a particularly thick layer of He.

A thick He layer may be build up if the companion is an evolved star and hence
the accreted material is H-depleted (e.g. |Cumming et al., [2006; [in 't Zand et al.
see also Section. X-ray bursts with similar duration/energy output can,
however, also occur when the accreted matter is H-rich (e.g. [Falanga et al.| [2009;
[Degenaar et al., [2010)): for instance, at low accretion rates H burns unstably but the
energy release from these (weak and undetectable) H-flashes may not immediately
trigger unstable He burning, allowing a thick layer of He to accumulate before
it eventually ignites (Cooper & Narayan| 2007; [Peng et al. 2007)). Regardless of
the presence of H in the accreted matter, it takes a long time to build up a thick
layer of He, particularly if the accretion rate is low. The recurrence time of the
intermediate-duration bursts is therefore typically long; observational constraints
suggests several weeks/months (e.g. |in 't Zand et all 2007} [Linares et all [2009;
[Degenaar et all [2010} [2011; Keek et al) [2017). A puzzling case is GX 17+2 (a
“Z-source”; see Section |3.1.1), which shows intermediate-duration bursts at very
high mass-accretion rates (Kuulkers et all, [2002).

About two dozen X-ray bursts have been detected to date that last for an
extended period of hours to half a day and have an energy output of ~ 1042 erg,
i.e. about a thousand times higher than normal X-ray bursts and even 1-2 orders

of magnitude higher than the intermediate-duration bursts (e.g. |(Cornelisse et al.|

[2000; [Strohmayer & Brown, [2002). These unusually long and energetic events
have been dubbed “superbursts” . Their recurrence time is long,
months to years, and superbursts are therefore rare. Indeed, only a few dozen of
such events have been observed to date from about two dozen sources (see
for a recent overview), compared to many thousands of short X-ray
bursts. The origin of superbursts is different from the shorter X-ray bursts; rather
than being due to the ignition of pure He or a H/He mixture, these are thought to
be due to unstable burning of C, deeper in the NS envelope (Cumming & Bildsten,
[2001} [Strohmayer & Brown) 2002)).

7 The burst-driven winds are different from the disk winds that are typically seen for BH
and NS LMXBs in their soft spectral states (e.g. [Miller et all [2006} |2011; |Neilsen & Lee}
|2009; [Ponti et al., [2012] [2014); these soft-state winds appear to be thermally or magnetically
driven, have typical outflow velocities of < 0.1c¢, and are launched at larger distances from the
accreting compact object (see e.g.|Diaz Trigo & Boirin} 2016}, for a recent review).
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3 Coronae, jets and disks
3.1 Accretion disks and X-ray spectral states

In LMXBs, the donor star is typically overflowing its Roche lobe and feeding mat-
ter into an accretion disk that surrounds the compact primary. Thermal-viscous
instabilities within the accretion disk may cause LMXBs to be transient. In tran-
sient LM XBs, outburst episodes during which matter is rapidly accreted and hence
the X-ray luminosity is high (Lx ~ 1036739 erg s_l), are alternated by quiescent
episodes during which the accretion rate and the X-ray luminosity are reduced by
several orders of magnitude (e.g. for an extensive review). Out of
~125 Galactic NS LMXBs currently known, about 43% are persistently accreting,
about 40% are transient and the remaining ~17% fall more or less in between;
these are formally transient but can persistently accrete for several years. Such
sources are indicated as quasi-persistent transients .

Variations in the mass-accretion rate are accompanied by changes in the ac-
cretion geometry. This is borne out by the existence of distinct states that have
different X-ray spectral and timing properties. For BH LMXBs there are two main
states, denoted as soft and hard according to the X-ray spectral shape, although
several additional (intermediate) states can be defined (e.g. Homan & Belloni,
|2005|; |Remillard & 1\/[cCli1r1tock|7 |2006|, for a detailed overview)|®| During soft states,
an optically thick and geometrically thin accretion disk (Shakura & Sunyaev,|1973)
is extending close to the compact primary. Indeed, in BH LMXBs it is clear that
the thermal disk paradigm often provides a good description of the soft-state spec-
tral data (e.g.[Steiner et al. [2010). However, during hard states the X-ray spectra
are not consistent with the thermal disk solution; these are instead dominated by
a power-law emission component with a high-energy cutoff (e.g. [Sunyaev et al.|
[1991} | Tanaka & Shibazakil, 1996 |Ibrag1mov et al.,2005; Gilfanov} 2010). This hard
emission is typically ascribed to a corona (see Section [3.2)).

The morphological behavior seen in BH LMXBs is also observed for NS sys-
tems, although these suffer from spectral degeneracy (e.g. Barret| (2001)); |Lin et al.|
(2007); [Burke et al.| (2017a)) for extensive discussions)ﬂ This is due to the pres-
ence of additional emission components that can influence the spectral shape;
thermal emission directly from the NS surface itself, and/or that emerging from
a boundary/spreading layer where the accretion flow impacts the stellar surface
(e.g. [Sunyaev & Shakural, [1986; Inogamov & Sunyaev, 1999; Deufel et al., 2001}
[Popham & Sunyaev, 2001} |Grebenev et al., [2002; |Suleimanov & Poutanen) 2006)).
Such a layer is formed because the gas must decelerate from the near-Keplerian
velocities in the inner accretion disk (= 0.2¢ — 0.4c¢ for typical inner disk radii; see
below) to the slower rotational motion of the NS (typically a few hundred Hz; see
[Patruno et all, [2017], for the most recent overview of spin rates measured for NS

8 Since soft states often occur at higher X-ray luminosity than hard states, these states are
also referred to as low/hard and high/soft states. However, in practice, hard and soft states
can occur at similar Lx (see e.g.|Chenevez et all [2016] for a recent example of such behavior
in an X-ray burst source).

9 The main hard and soft spectral states in the atoll class of NS LMXBs (see Section
are also referred to as “island” and “banana’” states, respectively, based on the characteristic
shape traced in the color-color diagram (Hasinger & van der Klis| [1989). These can be further
classified into sub-states (see|Wijnands et al.,|2017, for a recent discussion).
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LMXBs). Figure 1| shows an illustrative example of hard and soft state spectra
in a NS LMXB. A boundary/spreading layer is expected to be most prominent
when the disk extends all the way down to the NS surface (i.e. typically during
soft states). If the inner disk is truncated and replaced by a hot (optically thin)
plasma (which likely happens at low Lx, i.e. in hard states and quiescence), the
accretion flow may smoothly connect to the NS surface through an optically-thin
boundary layer (Deufel et al. [2001]).

Super-imposed on the continuum X-ray emission, many BH and NS LMXBs
show broad emission features (primarily in the Fe-Ka band near 6.4-7.0 keV as
shown in Figure [1]), as well as absorption edges. The general interpretation of
these features is that some fraction of the Comptonized emission is intercepted by
the inner part of the disk and reflected into our line of sight by further Compton
scattering and reflection (e.g.|George & Fabian [1991; [Matt et all,[1991)). Since the
gas in the disk moves in high-velocity (generally assumed to be Keplerian) orbits
inside the gravitational well of the compact accretor, the shape of these reflection
features is modified by Doppler and gravitational redshift effects. Modeling the
reflection spectrum can thus be used to extract information about the accretion
morphology, in particular the inner radial extent of the accretion disk (e.g.
for a review), which is relevant in the context of the present work.

The location of the inner disk is typically expressed in terms of the gravitational
radius ry = GM/c?, where G is the gravitational constant, M is the mass of the
compact accretor, and c is the speed of light. For reference, for an M = 1.5 Mg
NS, the gravitational radius is r4 ~ 2.2 km and for a M = 10 M BH we have
rg ~ 14.8 km. The location of the inner disk is often compared to that of the
inner-most stable circular orbit (ISCO), i.e. the smallest orbit in which a test
particle can stably orbit an object in the framework of General Relativity. In the
Schwarzschild metric (i.e. zero spin), the ISCO is located at risco = 6 74. For a
maximally (prograde) rotating BH, on the other hand, we have risco = 74, and for
the most rapidly spinning NSs, the ISCO is located at Tisco ~ 5 74 (€.8.
ot al] 2017).

Apart from broadened Fe-Ka lines, there are several other means to infer inner
disk radii such as the normalization of the disk black-body spectral component,
rapid X-ray variability, and reverberation lags (see Section |3.2.1)). The fact that
these methods often do not agree has led to a long and heated discussion about
the location of the inner disk, particularly during the hard state of BH LMXBs.
Whereas it is often assumed that the inner disk starts to recede upon entering the
hard state, a number of papers used X-ray reflection to suggest that the disk keeps
extending to the ISCO down to relatively low X-ray luminosity (~ 102 of the
Eddington limit; e.g. and references therein). These results have
been debated in several other works (e.g.|Done & Diaz Trigol [2010; Kolehmainen)
let al.| 2014} Plant et all 2015} Basak & Zdziarskil 2016} Basak et al., |2017)), but
some of this criticism has been rebutted (e.g. [Miller et al |2010; |Cackett & Miller]
[2013} [Chiang et al. [2016). X-ray timing studies of BH LMXBs may indicate that
the inner disk radius varies between different spectral states (see Section [3.2.1)).

In case of NS LMXBs, the strong spectral degeneracy mentioned above pro-
hibits using the disk normalization for reliable inferences about the location of the
inner disk. Reflection studies lead to inner disk radius measurements of typically
~5—20 rg (i.e. & 10 — 45 km from the NS; see e.g. [Cackett et al [2010; [Lud-|

2017c), for a sample studies), with apparently no strong dependence on
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the spectral state (e.g. [Di Salvo et all 2015; Mondal et al., 2017; [Wang et al.
[2017). Inner disk radii that extend a few ry away from the ISCO have often be
ascribed to the presence of a geometrically thick boundary/spreading layer (e.g.
[D’Af et all [2014; Ludlam et all |2017a). However, in a few cases the inferred inner
disk radii are so large that other explanations have been invoked. For instance,
the disk appears to be significantly truncated in the soft states of Aql X-1 and
GRO J1744-28 (Degenaar et all [2014a; King et all 2016} [Ludlam et al. [2017D)).
Since both of these sources show evidence for a dynamically active magnetic field
(i.e. the detection of X-ray pulsations; see Section7 it is suspected that their
disks are truncated by the pressure exerted by the NS’s magnetic field. This has
also been proposed to cause the much larger inner disk radius of MXB 1730-335
during its hard state compared to other NSs (van den Eijnden et al) [2017a)). In
addition, there are 2 NSs for which truncated disks have been inferred at relatively
low X-ray luminosity (~ 1072 — 10~2 of the Eddington limit); for these objects
either magnetic truncation or disk evaporation has been considered
[2013b} Degenaar et al., 2017). The rapid variability properties of NSs can also be
used to obtain information on the inner disk position (see Section [3.2.1)).

3.1.1 Different sub-classes of neutron star LMXBs

The accretion rate, accretion geometry and composition of the accreted material
have an influence on X-ray burst properties (see Section. It is therefore relevant
for the present work to recap that there are different sub-classes of NS LMXBs
that possibly have distinct accretion-flow properties.

Based on correlated X-ray spectral and (non-coherent) timing properties, NS
LMXBs have been classified as Z or atoll sources (Hasinger & van der Klis| |1989).
The small group of Z-sources are brighter and show, on average, softer X-ray
spectra than the much more numerous atolls. The fact that some (transient) NS
LMXBs can switch between Z and atoll behavior seems to suggests that the dis-
tinction between classes is related to the rate at which mass is accreted (e.g|Pried-
horsky et al., [1986}; [Shirey et al. [1998] [1999; [Homan et al,[2010; [Fridriksson et al.|
2015)), although other models have been proposed (e.g.|Church et al, [2012).

The accreting millisecond X-ray pulsars (AMXPs) stand out as a sub-class of
the atoll sources by displaying coherent X-ray pulsations in their persistent emis-
sion (e.g. Wijnands & van der Klis| [1998). It is believed that in these LMXBs
the NS magnetic field is strong enough to channel the accretion flow on to the
magnetic poles of the rapidly rotating NS (see [Patruno & Watts (2012) for an
overview up to 2012 and [Archibald et al| (2015); Papitto et al.| (2013a), [2015);
[Sanna et al| (2017bJa); [Strohmayer & Keek| (2017) for more recent discoveries). In
4 AMXPs the pulsations have been detection for only a fraction of the time; these
are referred to as “intermittent AMXPs” (Galloway et all, 2007} |Altamirano et al.|
[2008a; [Casella et al., 2008} [van den Eijnden et all [2017d). Among the AMXPs
there are also 3 NSs that make transitions between an accretion powered X-ray
pulsar state and a rotation-powered radio pulsar state; the “transitional millisec-
ond radio pulsars” (tMSRPs; e.g. |Archibald et al. |2009; [Papitto et al. [2013a;
[Bassa et al., 2014} [Stappers et al., [2014). Anisotropic accretion such as occurring

in AMXPs may affect the ignition conditions of X-ray bursts (e.g. |Cavecchi et al.|
2011)).
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Fig. 1 Illustration of soft and hard spectral states in a NS LMXB. Shown is Swift (0.7-5 keV)
and NuSTAR (3-79 keV) data of 1RXS J180408.9-34205 obtained during hard (black) and
soft (red) spectral states of its 2015 outburst (reported by [Ludlam et al|(2016)) and |Degenaar|
, respectively). For illustration purposes, both data sets were simply fitted to
a combination of a black body (BBODYRAD; dotted) and thermal Comptonization (NTHCOMP;
dashed) model. The energy range between 5.0 and 8.0 keV was ignored during these fits to
highlight the broad Fe-Ka line that clearly stands out in the data to model ratio (bottom
panel). Residuals present at other energies are due to the oversimplified spectral model used.

Ultra-compact X-ray binaries (UCXBs; e.g. Nelemans et al., 2006]) form a sub-
class of LMXBs that have very short orbital periods of <90 min. This implies that
the donor star must be deprived of H in order for it to fit within the binary (e.g.
[Nelson et al., |1986). The different chemical composition of the accreted matter in
UCXBs may influence the X-ray burst properties (see Section.

3.2 Coronae

Hard X-ray emission, in the form of a power-law extending up to tens and even
to hundreds of keV, is commonly observed in NS and BH LMXBs, as well as
accreting supermassive BHs (Active Galactic Nuclei; AGN). Different from an
optically thick but geometrically thin accretion disk that produces the observed
thermal X-ray emission in LMXBs, the power-law hard X-ray emission is believed
to be produced from an optically thin but geometrically thick structure near the
NS or BH, and is commonly called a corona (e.g. |Sunyaev et al) [1991; |Tanaka &]
[Shibazaki, |1996} Tbragimov et all 2005} |Gilfanov, [2010). However, the formation
and exact geometry of the corona is much less understood than that of the disk.
The hard X-ray spectral component seen in LMXBs, most prominently during
hard X-ray spectral states, is commonly attributed to Compton up-scattering of
soft disk photons by a population of hot electrons (e.g. Thorne & Price, [1975;
[Sunyaev & Titarchukl [1980} [Poutanen) (1998} [Zdziarski & Gierlinski, [2004). Never-
theless, the specific geometry of this population of hot electrons is not completely
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Fig. 2 Cartoon images of the possible location and geometry of the hot electron corona in
LMXBs. The NS is presented as the red central sphere and the disk as the surrounding brown
area. Left: A spherical corona that fills the inner region of the accretion flow. Middle: A corona
that sandwiches the accretion disk. Right: An intermediate geometry in which a spherical hot
flow is overlapping with the cold disk.

clear. Figure [2| shows cartoon images of three envisioned coronal geometries (see
e.g. Done et al.,[2007; |Gilfanov] [2010, for detailed discussions): the hot Comptoniz-
ing electrons may originate from some form of hot accretion flow that replaces the
inner part of the disk (Figure[2]left; e.g. [ Meyer & Meyer-Hofmeister, |1994; Narayan
[& Y1, [1995} [Poutanen et al. [1997; [Malzac & Belmont), [2009; |Veledina et al, 2013]),
or the corona may be blanketing the disk, being fed by magneto-hydrodynamic
(MHD) instabilities (Figure 2] middle; e.g.[Haardt & Maraschil [1993). Another pos-
sible geometry would be a somewhat intermediate case in which a spherical hot
flow is overlapping with the cold disk (Figure [2| right; e.g. [Zdziarski et al., [1999).
In AGN, X-ray spectral-timing and microlensing studies have led to the consensus
that the corona is very compact, located within < 20 r4 from the supermassive BH
(e.g.|[Fabian et all 2009, 2015; |de Marco et al., 2011} [Reis & Miller} 2013} |Cackett|
let all 2014} Uttley et al 2014). Indeed, in theoretical considerations the corona if
often assumed to be compact (e.g. Henri & Petrucci, [1997; Reynolds et al.l [1999;
[Lu & Yu| 2001} Miniutti & Fabian| 2004; |Garcia et al., [2014]). The coronae in
LMXBs may have a similar geometry (see below).

It is not uncommon to adopt a somewhat ad hoc “lamppost” geometry, in which
the compact emission source is located at a certain height along the rotation axis of
the BH, although there are some physical objections to this simple representation
(e.g. Niedzwiecki et all [2016; Dovciak & Donel 2015} |[Dovéiak & Done, [2016]). The
lamppost model has also been applied in reflection studies of weakly magnetized
NSs (e.g. 4U 1608-52; Degenaar et al., [2015)), leading to unphysically small values
for the height of the illuminating X-ray source. This suggests that the X-ray source
that shines on the disk, and causes the reflection spectrum, likely has a different
geometry (Degenaar et al| [2016a). Indeed, in weakly accreting NSs it may be
the boundary/spreading layer rather than the corona that is the prime source of
X-rays illuminating the disk (e.g. [Cackett et all [2010]).

Efforts to explain the exact nature of coronae have primarily focussed on BHs.
Three main models have been proposed, which differ in the distribution and lo-
cation of the electrons: i) thermal electrons (e.g. [Poutanen et all [1997), ii) non-
thermal electrons with a distribution close to a power-law (proposed in the context
of AGN; e.g. [Ghisellini et al., [1993} [Henri & Petruccil, [1997; [Torricelli-Ciamponi|
2005), or iii) non-thermal electrons free-falling from the last stable orbit
down to the horizon of the BH (Laurent & Titarchuk| [1999)). Hybrid models con-
sisting of a low-energy thermal population and an additional high-energy non-
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thermal population have also been developed, accounting for the fact that syn-
chrotron emission from the magnetic corona may itself provide a source of seed
photons for the Comptonization process (e.g. Poutanen & Coppi, [1998; |Coppil
1999} [Merloni & Fabianl, [2001} [Veledina et al., 2011}; [Del Santo et al., 2013; [Pouta-|
nen & Veledinal, 2014). It is of note that the purely power-law models face several
problems (e.g.|[Malzac et al.| [1998]) and are currently not favored. The bulk-motion
Comptonization model cannot explain the observed high maximum photon indices
and is therefore also disfavored (e.g. Niedzwiecki & Zdziarski, [2006]). It seems there-
fore more likely that the electrons are mostly thermal with possibly a small fraction
of non-thermal particles at higher energies (i.e. a thermal or hybrid model).

High-energy observations are vital in order to disentangle the thermal and non-
thermal components of the corona. Satellites such as the Compton Gamma Ray
Observatory (CGRO) and the INTErnational Gamma-Ray Astrophysics Labora-
tory (INTEGRAL) have observed an additional emission component above 200 keV
during the transition between spectral states of BH LMXBs, as well as in the hard
state of both persistent and transient LMXBs (e.g. [McConnell et all, [1994] 2002
Ling et all [1997; [Del Santo et all [2008} Bouchet et all, 2009} Jourdain et al.
2012)). The nature of this additional hard tail is usually attributed to the pres-
ence of a small fraction of non-thermal electrons in the hot-Comptonizing plasma
(Wardzinski et all [2002). It could also arise from an additional thermal Comp-
tonization component that results from spatial/temporal variations in the coronal
plasma parameters (Malzac & Jourdain [2000), although fluctuations of the ther-
mal Compton parameter may not be able to explain emission extending up to 10
MeV such as detected for the BH Cyg X-1 with CGRO/COMPTEL
[2002). A weak high-energy tail is also observed during soft states and is
usually interpreted as non-thermal emission as well, although there is no consen-
sus regarding the origin of this tail. Overall, all the spectral components that are
thought to originate in the corona are far from being understood.

It is worth noting that the coronae in BH LMXBs and AGN appear to have
strikingly similar properties despite that their disks are very different. Indeed,
the electron temperatures are typically on the order of tens to hundreds keV,
despite the fact that the disk temperatures, inner disk radii and variability time
scales all scale with the mass of the BH, as predicted in the standard Shakura
and Sunyaev accretion disk model (Shakura & Sunyaev, [1973)). This seems to
suggest that the properties of coronae are scale independent, unlike the properties
of the disk. Since the observed spectral and state transitions between some NS
and BH LMXBs are quite similar (e.g. |Zhang et al| [1996), and because of the
apparent scale-independence of coronae, it seems reasonable to assume that the
basic coronal properties like its nature and geometry are the same in different
accreting systems. Nevertheless, the presence of a solid surface in NS systems can
have a direct impact on the properties of the corona.

Thermal emission from either the NS surface or from the boundary layer
should provide additional seed photons for the Comptonization process
[& Titarchuk, [1989). Indeed, the hard state of NSs is often softer than that of BHs,
which can be attributed to a lower coronal temperature (e.g.[Sunyaev et all) [1991}
|Gilfanov et all 1993 Barret et al., [1996; [Done & Gierliriski, |2003[)H A recent

10 A few NS LMXBs have recently been identified to have exceptionally hard emission spectra,
considerably harder than BHs (Wijnands et all |2015| |2017} |Parikh et al., |2017). There is no
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Fig. 3 Illustration of a PDS of the X-ray bursting NS LMXB 1E 1724-3045, using data
from RXTE /PCA in two different energy bands (5 PCUs active). Without doing a component
analysis, it is clear that there are multiple Lorentzian components and that they are all stronger
in fractional rms at high energies (for a detailed analysis of these data, see|Olive et al.| [1998).

extensive study of RXTE data of a large sample of LMXBs in their hard states
revealed a clear dichotomy in the strength of Comptonization between NSs and
BHs (Burke et all |2017a). In particular, it was found that the electron tempera-
ture for the NS sample peaked at ~ 15 — 25 keV, whereas the BH sample showed
higher temperatures that were distributed over a broader range of =~ 30 — 200 keV.
Moreover, it was shown that at a given optical depth, the electron temperature is
higher in BHs than in NSs. Another important implication of this work is that in
the NS systems the accreted gas loses a fraction of ~ 0.5—0.7 of its energy through
Comptonization in the corona, whereas the remaining energy is released when it
impacts the stellar surface. The NS thus indeed provides an important source of
soft photons that alter the properties of the corona.

In a follow-up study, Burke et al.| (2017b) used RXTE data of hard state NS
LMXBs to investigate the effect of spin on the key Comptonization properties. It
was found that at a given (Eddington-scaled) accretion luminosity, the seed photon
temperature is lower and the Comptonization stronger for a more rapidly rotating
NS. This agrees with the theoretical idea that the energy liberated in the boundary
layer decreases with increasing NS spin (Shakura & Sunyaev, [1988}; |Sunyaev &
Titarchuk, 1989). Since this results in weaker thermal emission and hence a lower
supply of soft seed photons for the Comptonization process, the corona of more
rapidly spinning NSs is expected to be hotter. The coronal properties of the fastest
spinning NSs thus most closely resemble those of the BHs (Burke et al., [2017b).

physical interpretation yet for such very hard spectra in NS LMXBs, although the observed very
steep power-law spectral indices of I' &~ 1—1.3 might be difficult to explain via Comptonization
processes (Haardt & Maraschi, [1993)), and perhaps require a different underlying mechanism.
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3.2.1 Coronal geometry in LMXBs from fast time variability

The high-energy flux from LMXBs is variable on time scales that go down to the
dynamical time scales very close to the compact object, which can be as fast as
milliseconds (see e.g. van der Klis| 2006, 2010} Belloni & Stellal 2014} |Belloni &
Mottal 2016, for reviews). This fast time variability can reach levels of ~40% frac-
tional rms and cannot be ignored for the development of theoretical models. This
variability is complex and results in Power Density Spectra (PDS; see Figure |3)
that contain several frequency-dependent components such as band-limited noise
and QPOs (which appear as broad peaks in the PDS). These components yield
specific frequencies that are associated to the structure of the accretion flow. How-
ever, many different time scales could be connected to the observed features, both
from the accretion process and from General Relativity, which makes it difficult to
identify the exact nature of different components. Importantly, the observed fast
variability is energy-dependent, which implies that the energy spectrum varies on
short time scales. This is typically not accounted for in spectral modeling, which
requires (much) longer integration times for sensitivity reasons (e.g. Wu et al.|
2010), and thus averages over all rapid variations.

Most components in the observed PDS of LMXBs have a hard spectrum, as
illustrated in Figure[3] which connects them to the corona. Indeed, in BH LMXBs
the variability above 10 keV is always strong and at those energies the coronal
emission dominates. Therefore, modeling the timing properties can give important
information about the geometry of the corona and complement the information
obtained from spectral analysis. Variability is very strong (~10-40% fractional
rms) in the hard states of both NS and BH LMXBs. The PDS can be decom-
posed into the sum of a few broad Lorentzian components (i.e. band-limited noise
components), which yield characteristic frequencies (Belloni et al., 2002]). These
frequencies are correlated with spectral hardening: harder spectra correspond to
higher frequencies (with few exceptions; see |[Pottschmidt et al., 2003). In transient
BH LMXBEs, the frequencies also correlate with source flux. As the energy spec-
trum in the hard states is dominated by a thermal (or hybrid) Comptonization
component, the noise components must originate from the Comptonizing region.
Their increase in characteristic frequency would be naturally explained by a de-
crease in the emission radius, since all accretion and relativistic frequencies are
negatively correlated with distance from the compact object. Constraints on the
size of the corona can in principle be derived from the rapid X-ray variability,
provided that the observed frequencies are identified as physical time scales in the
accretion flow, something for which there is no general agreement.

As mentioned above, relative changes in QPO frequencies can also be used
to make inferences about variations in the accretion geometry. In case of NSs,
however, there have been extensive discussions about evidence of the inner disk
reaching the ISCO. For instance, Barret et al.| (2005)) interpreted a drop in coher-
ence as a function of frequency in the kHz QPOs from 4U 1636-536 as a sign of
the accretion flow having reached ISCO, and extended this work to other sources
(Barret et al.l 2005, [2006). However, Méndez| (2006)) studied the dependence of
QPO coherence on source luminosity and concluded that the coherence drop is
more likely caused by changes in the properties of the region where the QPO is
produced.
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Fig. 4 Illustration of the jet properties of BH and NS LMXBs. Shown is a compilation of radio
and X-ray luminosities, where black filled circles are BHs, red open circles are bursting NSs and
blue open squares are non-bursting NSs. The dashed and dashed-dotted lines highlight different
source classes and different couplings between the radio and X-ray luminosity (Lg o L)IZ) that
have been proposed for BHs (black line) and NSs (red lines).

The technique of reverberation combines X-ray spectral and timing studies to
make inferences about the accretion geometry (e.g. [Fabian et al| (1989); |Stella)
(1990); Reynolds et al|(1999); see [Uttley et al.|(2014) for a review). This method
uses the fact that due to the finite light travel time, variations in the light reflected
off the disk (i.e. the reflection spectrum) will be delayed compared to changes in
the corona emission that illuminates the disk. Studies of these time delays in BH
LMXBs indicate that there is a significant change when moving from the soft to
the hard state, which may indicate that the inner disk moves outwards in the
hard state (e.g. De Marco et al., 2015, De Marco & Ponti, [2016; |[De Marco et al.
2017). Reverberation can possibly be observed in NS LMXBs as well (Barret), 2013]

Cackettl, 2016)), but needs to be further developed.

3.3 Jets

Radio emission has been seen from LMXBs for decades, and it has been well
understood since quite early on that there are clear correlations between the radio
properties and the X-ray properties of LMXBs. In fact, the first strong evidence for
the association of the X-ray source Cygnus X-1 with the object we now know to be
its donor star came from the discovery of a sharp transition in the X-ray spectral
shape in correlation with a sharp change in the radio luminosity
. Radio and X-ray detections of a large number of LMXBs suggest
that these different emission components are correlated as Ly oc LQ, where Ly
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and Lx are the radio and X-ray luminosity, respectively, and I" is the coupling
constant between the two. This is illustrated in Figure @ where the various curves
indicate different Lr-Lx couplings that have been proposed (see below). Both

empirical (e.g. [Tananbaum et al) [1972) and theoretical (e.g. 2001) work
suggest that jets are fed by large scale height magnetic fields.

3.8.1 State dependence of jets and empirical correlations for BH LMXDBs

A broad range of correlations have emerged over time between the radio and X-
ray properties of the accreting BH sources (black markers in Figure E[) Broadly
speaking, it is found that the radio luminosity, Ly, scales as the X-ray luminosity,
Lx, to the 0.6-0.7 power in the hard state. The strong connection between the hard
X-ray (corona) emission and the radio (jet) emission of LMXBs (see
and references therein) is sometimes suggested to indicate that the X-ray
emission comes from the jet. Indeed, the Lr o L%” relation can be explained in
a straightforward manner if the X-ray emission comes from uncooled synchrotron
emission from the jet (e.g.[Markoff et al.| [2001). However, the correlation is equally
well explained by producing the X-ray emission in a radiatively inefficient accretion
flow with Lx o M2, and having the kinetic power of the jet be a constant fraction
of the gravitational power released in the accretion flow (e.g. Heinz & Sunyaev,
2003)). Ascribing all X-ray emission from a jet has therefore been questioned (e.g.
Poutanen & Zdziarskil 2003} [Zdziarski et all [2003; Maccarone, [2012). During
soft X-ray spectral states, on the other hand, the radio emission from the steady,
compact jet is suppressed (e.g. [Russell et al. 2011} Rushton et al., 2016, for the
deepest soft-state radio limits to date). During the hard-to-soft state transition,
some BH LMXBs release discrete ejecta that are referred to as “ballistic jets” and
the radio emission brightens substantially.

The radio spectral index of BH jets in hard states are normally seen to be flat
(i.e. a &~ 0, where the flux density is f, oc v~¢). This is most commonly explained
as the result of having a compact, conical jet so that at each height up the jet the
spectrum is strongly peaked due to synchrotron self-absorption below a critical
frequency (Blandford & Konigll [1979). During the ballistic ejections near state
transitions, the dominant radio emission mechanism may be different; this is often
modeled as coming from an expanding plasmon or set of plasmons. At high radio
frequencies, the emission is generally optically thin synchrotron with » =7 spectral
indices, although the phenomenology can be considerably more complicated.

3.3.2 Jets in NS LMXBs

Early radio observations of NS LMXBs, which focussed on the bright Z-sources,
also revealed a close correlation between the X-ray and radio emission (Penninx
et all 1988} |[Hjellming et al., [1990alb; |Oosterbroek et al., |1994; Berendsen et al.|
@D. However, our phenomenological understanding of the radio properties of
NS LMXBs is far less developed than for the BH sources (see e.g.
for reviews). This is largely due to the fact that fewer NSs have been
studied in the radio band and that the dynamical range in X-ray luminosity for
which their jet properties are probed is much narrower than for BHs (see Figure@
where X-ray bursters are indicated as red open circles and non-bursting NSs as
blue open squares). Moreover it is clear that, on the whole, the NSs seem to be
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fainter in radio at a given Lx and are therefore more difficult to study at radio
wavelengths (e.g. [Fender & Kuulkers| [2001; [Migliari & Fender| |2006). There is
some evidence that the correlation between radio and X-ray emission for NSs in
the hard state has a steeper index, with LrocL¥® or so (Migliari & Fender, 2006),
but such evidence is not based on a large number of measurements nor on a large
number of sources (see Figure E[) Indeed, there appears to be quite a diversity in
behavior among the NS LMXBs (e.g. [Tetarenko et all, [2016} [Tudor et all, [2017)).
One potential issue with comparing simply the total X-ray and radio luminosity
of NSs and BHs is the spectral complexity of NSs (i.e. due to additional emission
processes; see Section .

In contrast to BH LMXBs at least two (persistent) NS systems, Ser X-1 and
4U 1820-30, seem to show radio emission from a jet in their soft states
. However, this is again not clearly established for a large sample
of objects. Moreover, the (transient) NS LMXBs Agl X-1 and 1RXS J180408.9-
0342058 do show a significant downturn in their radio luminosity during the soft
state (Tudose et al. 2009, |Gusinskaia et all [2017). At present there is thus no
clear picture yet about jet suppression in NS LMXBs during their soft states.

Relatively little work has been done on the radio spectra of the NSs, especially
in the hard states. The (moderate-Lx) atoll sources generally show a flat radio
spectrum when they are observed with enough sensitivity to measure a spectral
index (e.g. Hjellming et al] [1999} Migliari et al.l 2004] [2010; [Miller-Jones et al.]
2010). For the (high-Lx) Z-sources there are also relatively few spectral measure-
ments, but in these systems it is clear that sometimes flat radio spectra and some-
times spectra with a ~ 1 are seen (e.g. (Grindlay & Seaquist| (1986} [Penninx et al.|
[1988} [Berendsen et al.l [2000; [Migliari et all |2007). For one source, 4U 0614+091,
extrapolation of the jet spectrum above the break from optically thick to optically
thin falls well below the observed X-ray flux. This argues against ascribing the
bulk of the X-ray emission to a jet (Migliari et al., 2010)).

A few key properties of the NS systems make understanding their jet properties
especially attractive. First, many NSs have known spin rates, ranging from ~1 to
600 Hz (see [Patruno et al., 2017, for the most recent overview), allowing for a
test of the effects of compact object rotation on jet production independent of the
debated methods used to infer BH spins (e.g. Kolehmainen et al., 2014}, for a recent
discussion). Second, NSs have magnetic fields. While it has long been thought that
strong, dynamically important magnetic fields inhibit jet production (e.g. [Fender|
et all Fender & Hendry] 2000} [Migliari & Fender], 2006} [Massi & Kaulman

Bernadd, 2008} [Migliari, [2011), recent radio detections of the high-magnetic field
NSs GX 144 and Her X-1 indicate that this idea may need to be revisited

[Eijnden et all 2017blc). Furthermore, it is not clear whether a somewhat weaker
magnetic field might actually promote jet production. Strikingly, the tMSRPs
appear to show a similar Lp Lg('7 as BH LMXBs and are more radio-luminous
than other NSs (Deller et al.| 2015} [Bogdanov et al [2017). However, it is unclear
whether for these objects the radio emission in these systems comes from a jet
per se or some other type of less collimated outflow. Finally, the solid surface of
NSs could potentially also play a role in jet production. For instance, it has been
proposed that a boundary/spreading layer can act as a dynamo and support the
jet mechanism (Livio), [1999; [Maccarone), [2008). This can possibly account for the
lack of radio jet suppression in some NS LMXBs.
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4 X-ray bursts as a probe of the accretion flow

As described in Section [I} the focus of the present work is not to review how the
accretion flow properties determine the observational properties of X-ray bursts,
but rather to scrutinize the reverse interaction: how X-ray bursts influence the
accretion disk and corona.

Observational examples of X-ray bursts interacting with the accretion flow
have rapidly accumulated over recent years. Several different physical processes
may be initiated in the accretion flow in response to an X-ray burst. The balance
between these different processes determines how the accretion flow is affected.
This may differ for hard and soft state accretion geometries (e.g., different loca-
tions of the corona and the inner accretion disk), and can also depend on the
X-ray burst properties (e.g., peak flux, duration, total radiated energy and extent
of photospheric radius expansion). Indeed, different but possibly linked types of
behavior can be distinguished. These are summarized in Table [1| and discussed in
more detail in Sections 4.2—4.6. Before describing these observations, we briefly
introduce the X-ray missions most relevant to these type of studies in Section

4.1 X-ray missions used most for X-ray burst/accretion flow interaction studies

The first promptly followed-on X-ray burst detection (Grindlay et all [1975)) was
achieved with the Astronomical Netherlands Satellite (ANS; operating between
1974 and 1976). X-ray burst studies then took a giant leap with NASA’s Small
Astronomy Satellite 3 (SAS-3; in service from 1975 till 1979), Japan’s first X-ray
astronomy satellite Hakucho (in orbit between 1979 and 1985), ESA’s European
X-ray Observatory Satellite (EXOSAT; operational from 1983 till 1985), and the
Japanese mission Ginga (operating between 1987 and 1991). Later missions like
the Italian/Dutch satellite BeppoSAX (in use between 1996 and 2006) and the
High Energy Transient Explorer 2 (HETE-2, an international project collaboration
between the USA, Japan, Italy and France that was active between 2000 and 2008)
collected a large number of X-ray bursts.

Most studies of the impact of X-ray bursts on the accretion flow, i.e. the sub-
ject of the present work, have been performed with later missions. In particular, a
wealth of X-ray burst data was collected with the high X-ray throughput Propor-
tional Counter Array (PCA;|Jahoda et al.,|2006]) on board the Rossi X-ray Timing
Explorer (RXTE). This NASA mission operated from 1995 till 2012 and detected
thousands of X-ray bursts (e.g.|Galloway et al.| 2008, |2010a). The PCA provided a
large effective areﬂ peaking at ~ 6000 cm® near 10 keV and high time resolution
(down to ws). It consisted of 5 proportional counter units (PCUs) behind 1deg
FWHM collimators, providing sensitivity in the 2-60 keV range.

Another important tool for studying the response of the accretion flow to X-
ray bursts is ESA’s INTEGRAL (Winkler et al., |2003), which is still operating to
date. INTEGRAL was launched in 2002 and the main two instruments used in X-
ray burst studies are i) the INTEGRAL Soft Gamma-Ray Imager (ISGRI; |Lebrun
et al} 2003) of the Imager on Board the INTEGRAL Satellite (IBIS;|Ubertini et al.|

11 Quoted values for the effective area of various instruments refer to on-axis sources. For
coded mask detectors we refer to that after the mask.
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2003) and ii) the Joint European X-ray Monitor (JEM-X; |Lund et al.,|2003). The
ISGRI is sensitive from 15 keV to 1 MeV with a peak effective area of ~ 1200 cm?
near 60 keV. JEM-X consists of 2 identical units, both sensitive in the 3-35 keV
band and with a an effective area peaking at ~ 100 cm? near 10 keV.

The still active NASA missions Swift (Gehrels et al., 2004) and NuSTAR (Har-
rison et al. |2013)) are also valuable tools for X-ray burst/accretion flow interaction
studies. Swift is a multi-wavelength observatory that was launched in 2005. Its
main instruments for X-ray burst studies are the Burst Alert Telescope (BAT;
Barthelmy et all |2005) and the X-Ray Telescope (XRT; Burrows et al., 2005).
The BAT is sensitive in the 15-150 keV range and has an effective area that peaks
at ~ 2000 cm? near 50 keV. X-ray bursts picked up with the wide-FOV BAT
can cause an automated slew of the spacecraft that allows for rapid (within ~ 1
minute) follow-up with the more sensitive narrow-field XRT. The XRT provides
sensitivity in the 0.3-10 keV range with a maximum effective area of ~ 130 cm?
near 1.5 keV. NuSTAR is a hard X-ray imager that was launched in 2012. It con-
sists of two co-aligned focal plane modules (FPM), A and B, that cover an energy
range of 3-79 keV and provide a peak effective area of ~ 1000 cm? near 10 keV.

Albeit used on a smaller scale for X-ray burst studies, NASA’s Chandra and
ESA’s XMM-Newton missions (both launched in 1999 and still active to date)
provide high X-ray spectral resolution via their grating instruments. This allows
to detect and study narrow spectral features, which is relevant in the context of
the present work (see Section . The Chandra observatory provides two different
grating instruments; the Low-Energy Transmission Grating (LETG, 0.1-10 keV;
Brinkman et al., 2000) and the High-Energy Transmission Grating (HETG, 0.4—
10 keV; Marshall et al.} |2004). The XMM-Newton satellite carries two Reflection
Grating Spectrometers (RGS1 and RGS2, 0.35-2.5 keV; den Herder et al., 2001)).

4.2 Changing persistent emission

The standard approach in X-ray burst studies has long been to take a spectrum
of the persistent emission and subtract that from the X-ray burst spectrum as
background. This method implicitly assumes that the persistent emission is not
changing during an X-ray burst. However, fitting X-ray burst spectra via this
method can leave residuals, suggesting that the accretion emission may actually
not be stable during X-ray bursts (e.g. van Paradijs & Lewin| (1986} Kuulkers et al.|
2002; |Guver et al., [2012)).

Possible changes in the persistent flux can be probed by not subtracting a pre-
burst spectrum, as in the conventional method, but by rather modeling the persis-
tent emission along with the burst. A relatively simple prescription to parametrize
any change in the persistent fluz is to follow these steps: i) fit a pre-burst spectrum
to obtain a model for the persistent emission, ii) in the X-ray burst spectral fits
(using a black body or burst atmosphere model) include the model for the per-
sistent emission with all parameters fixed to the values obtained from fitting the
pre-burst spectrum, and iii) multiply the model for the persistent emission with
a constant factor, fa, that is allowed to change during the fits. This approach as-
sumes that the shape of the persistent emission remains constant during the X-ray
burst, but allows its flux to change. This simple method has now been applied to
a large number of X-ray bursts from many different sources.
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Table 1 Different types of observable effects of X-ray bursts on the accretion flow.

Type of behavior Sections Figures Sources References
Clear evidence of interactions
Variable accretion flux 4.2.1} 14.2.2} [5.1 Many sources [1-5]
Variable accretion spectrum  [4.2.3 5.1} 6.1.4] 4U 1636-536 [6-8]
4U1608-52 [9,39]
Discrete spectral features @ 4U 1820-30 [10-12]
4U 1636-536 [6,7]
IGR J17062-6143 [13,14]
4U 2129411 [15]
GRS 1747-312 [16]
4U 0614+091 [17]
4U 1722-30 (17]
Reduction >30 keV flux [£4 [ 1] Agl X-1 [18,19]
IGR J17473-2721 [18,20]
4U 1636-536 [21]
GS 1826-238 [22]
KS 1731-260 23]
4U 1705-44 23]
4U 1728-34 [24]
kHz QPO suppression 8 4U 1636-536 [25]
kHz QPO frequency change 8 Aql X-1 [26]
High amplitude variability 9 2S 0918-549 [27,28]
4U 2120+11 [22]
4U 1820-30 [17]
SLX 1735-269 [29]
SAX J1712-3739 30]
IGR J17062-6143 [20]
GRS J1741.9-2853 [31]
Other possible indications of interactions
Detection of pulsations - HETE J1900.1-2455 (32]
- SAX J1749.8-2021 [33]
mHz QPO frequency 4.7.1 - 4U 1636-53 [34]
Trigger accretion outbursts 4.7.2 - Cen X-4 [32]
Aql X-1 (35]
28 1711-337 (35]
XTE J1747-241 [35]
EXO 1745-248 36,37]
IGR J17473-2721 [38]
[1]|[Worpel et a1.| (120131), [2] [Worpel et a1.| (12015[), [3]fin ’t Zand et al.l d?Ol?)I), 4] |Ji et al. (i2014a ,
[5] [J1 et al.[(2015)), [6] [Keek et al[(2014al), [7] [Keek et al|(2014b)), [8][Koljonen et al|(2016),
[9] Degenaar et al.| (20164), [10] |Strohmayer & Brown| (2002)), [11] |[Ballantyne & Strohmayer|

(2004), [12] Ballantyne & Everett|

2005), [13] |Degenaar et al(2013), [14] Keek et al.| (2017),

[15] van Paradijs et al.|(1990), [16]

in 't Zand et al.| (2003), [17] [in 't Zand & Weinberg| (2010))

18

Maccarone & Coppi| (2003)), [19] |Chen et al.

(2013)), [20] [Chen et al.|(2012), [21] |[Ji et al.

2013), [22] [Ji et al| (2014b), [23] [J1 et al| (2014c

, [24] [Kajava et al. (2017c)), [25] [Peille et al.

2014), [26] [Yu et al] (1999), [27] [in 't Zand et al] (2005b), [28

lin 't Zand et al| (2011)),

[29] [Molkov et al.| (2005), [30

[Palmer| (2011)), [31] Barriere et al.|

2015), [32] |Galloway et al.|

(2007) [33]|Altamirano et al.|

2008b) [34]|Altamirano et al.

(2008a)) [35] Kuulkers et al.| (2009),

[36] [Serino et al.| (2012), [37] |4

Altamirano et al.| (2012), [38]

Chenevez et al.| (2011)), [39] |[Kajava)

et al. (2017a).
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Moving beyond this simple parametrization of the changing accretion flux dur-
ing X-ray bursts, a few studies have recently applied a mathematical method called
“non-negative matrix factorization” (NMF). This provides means to decompose
the spectra of the X-ray burst and persistent emission and reduce the level of
spectral degeneracies (see Section for more details).

4.2.1 Enhanced persistent flux

There is indeed growing consensus that the accretion emission changes during the
majority of X-ray bursts, regardless of the spectral state and whether or not the
X-ray bursts exhibit PRE. A very clear example is the study of the brightest X-ray
burst ever observed from the recurrent transient and AMXP SAX J1808.4-3658,
which was caught by both RXTE/PCA and Chandra/LETG. The X-ray burst
spectra deviated from a black body both at high (=15 keV) and low (<3 keV)
energies, which could be explained as an increase of the persistent emission by a
factor ~20 (in 't Zand et al., [2013]).

The “variable persistent emission approach” described in Section 2] was also
applied in a large and systematic sample study, which revealed that changes in the
accretion emission during X-ray bursts are common (Worpel et al.| [2013): For 332
PRE X-ray bursts detected with RXTE/PCA from 40 different NS LMXBs, the
persistent emission was not subtracted but rather modeled along with the X-ray
burst and allowed to vary by a factor f,. For the majority of X-ray bursts in the
sample of Worpel et al.| (2013) it was found that fa > 1 (with typical values up
to fa = 10, but some reaching as high as f. =~ 80), thus implying an enhancement
of the persistent emission. Interestingly, values of fa < 1 (i.e. a reduction rather
than an enhancement) were found for the few super-expansion X-ray bursts in
the sample. This may be an effect of the X-ray burst emission moving out of
the instrument bandpass due to severe expansion and associated cooling of the
photosphere, or because these extreme X-ray bursts lead to the ejection of an
optically thick shell that absorbs/scatters the emission from the inner accretion
flow (e.g. [in 't Zand & Weinberg, 2010, see also Section . Alternatively, values
of fa < 1 could indicate that the in-flow of gas is temporarily halted due to the
intense radiation pressure of an X-ray burst (see Section .

The above described analysis approach was extended by [Worpel et al.| (2015]),
this time using a sample of 1759 X-ray bursts from 56 sources that included non-
PRE X-ray bursts. Similar to the PRE sample (Worpel et al., [2013]), the persistent
emission was generally found to be enhanced compared to the pre-burst level by
a factor of several. Comparing the original PRE-burst sample with the (factor ~4
larger) non-PRE sample, suggests that while the average peak fa is similar, the
PRE X-ray bursts show a larger spread and reach up to a higher maximum fa
than the non-PRE ones (see figure 8 in [Worpel et al., [2015). For instance, while
the majority of non-PRE X-ray bursts have fa ~ 1 — 10 at their peak and only a
few have values reaching up to fa ~ 10— 30, several of the X-ray bursts in the PRE
sample show fa ~ 30 — 80. Figure [f] shows an example of the changing persistent
emission during an X-ray burst, which made use of NMF spectral decomposition
technique (see Section and [6.2.3]).

It is of note that in the two Z-sources Cyg X-2 and GX 17+2, which accrete
near the Eddington rate, the enhancement factor is fa = 1 (Worpel et al., 2015)).
Indeed, previous work on GX 17+2 had shown that the persistent emission does
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need to be subtracted from the X-ray burst emission to obtain satisfactory fits
(Kuulkers et al., [2002)). Apparently the X-ray bursts have no measurable effect
on the accretion disk in these systems, which might be related to their near-
Eddington accretion rates. In Section we discuss how the observations of a
(lack of) varying persistent emission during X-ray bursts may be interpreted in a
theoretical framework.

4.2.2 Spectral state dependence of the change in persistent flux

It is instructive to investigate whether the enhancement in the persistent flux
during X-ray bursts depends on the X-ray spectral states: Since the accretion
geometry is expected to be different in hard and soft states (see Section , the
response to an X-ray burst can potentially be different.

A study of the frequently active transient NS LMXB 4U 1608-52 revealed that
the change in the persistent flux during an X-ray burst is indeed state-dependent
(Ji et al.l 2014a)). A sample of 20 soft-state X-ray bursts (14 PRE), and 26 hard-
state X-ray bursts (5 PRE) were examined, which revealed an average fa ~ 3.2+0.1
during hard state X-ray bursts and fa ~ 6.8 £0.3 for soft state ones. Furthermore,
whereas in soft states f, was observed to increase with X-ray burst luminosity,
for hard states fa only increased with X-ray burst luminosity as long as Lpurst S
1.8 x 1038 erg s™!. For higher X-ray burst luminosity the trend reverses and fa
instead decreases with further increasing X-ray burst luminosity. It is of note that
for very bright hard state X-ray bursts (both PRE and non-PRE) values of fa < 1
were obtained for 4U 1608-52, suggesting a reduction of the accretion emission
rather than an enhancement.

In a similar study, the steadiness of the accretion emission and X-ray burst
profiles in the hard state of the persistent LMXB GS 1826-238, also known as
the “clocked burster”, was exploited to scrutinize the evolution of the persistent
emission (Ji et all 2015]). Stacking 68 X-ray bursts and slicing this up in ~3 s
time steps revealed that i) fa very rapidly increased during the rise and reached
a maximum value of fa & 2 on a time scale of =10 s, ii) dropped to fa & 1 near
the X-ray burst peak, and iii) gradually rose to the pre-peak value in ~20 s after
the X-ray burst peak and iv) gradually decayed again to fa = 1 in the tail of the
X-ray burst (=130 s). This is the most detailed map of the evolution of f. during
normal X-ray bursts of a single source.

4.2.83 Changes in the spectral shape of the persistent emission

In addition to probing how the flux of the persistent emission changes during an X-
ray burst, it is also valuable to understand if, and how, the shape of the persistent
emission spectrum is affected by an X-ray burst. Unfortunately, for most individual
X-ray bursts the available data quality does not allow to investigate this. However,
there are some exceptions and a few studies in this direction have been carried
out.

Due to the exceptionally long duration and good quality RXTE/PCA data,
changes in the persistent emission could be investigated for the (non-PRE) super-
burst from the persistent LMXB 4U 1636-536 (Keek et al., |2014a). It was found
that the persistent emission increased by a factor fa ~1.8, which is relatively low
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Fig. 5 Illustration of the changing persistent emission during an X-ray burst (Section.
Shown is NuSTAR data from 4U 1608-52 during its 2015 outburst when it was in a hard
spectral state. Top: The 2-30 keV flux evolution of the X-ray burst (black) and persistent (red)
emission. Middle: Changes in the power-law index I" of the persistent emission, suggesting a
possible softening (i.e. an increase in I') along the X-ray burst. Bottom: The amplification
factor of the persistent emission during the X-ray burst. Dashed horizontal lines indicate the
pre-burst values of the different quantities. This analysis made use of the NMF technique to

decompose the spectrum (see Section and [6.2.3)). This figure was adapted from
(2016a)).

compared to the range of values found for (short) X-ray bursts in the sample stud-
ied by [Worpel et al (2015). This is likely not due to the fact that the superburst
was sub-Eddington and non-PRE, since higher f, values have been inferred for
several short non-PRE X-ray bursts that had similar peak fluxes as the 4U 1636—
536 superburst (e.g. Ji et al.| [2014a; [Worpel et al., 2015} [Degenaar et al.| [20164).
The high-energy part of the spectrum of 4U 1636-536 appeared to soften
see also Section [4.4.2]).

Alternatively, a study of the same 4U 1636-536 superburst using the NMF
technique (see Sectionand suggested that the boundary/spreading layer
significantly changed in response to the X-ray burst (Koljonen et all [2016]). The
interpretation favored by this analysis was that the boundary/spreading layer
moves out to higher latitude due to the radiation pressure of the X-ray burst.
This increases the luminosity of the layer (since more X-ray burst photons are
reprocessed in the layer) and can thus mimic an increase in the accretion rate.
This scenario was previously speculated upon by |Suleimanov et al| (2011a) and
[Kajava et al.| (2014). A similar study, using NMF, was performed for X-ray bursts
occurring during the soft states of 4U 1608-52 and led to similar conclusions
(Kajava et al. [20174).

Hints for spectral changes in the persistent emission were also found by ap-
plying an NMF analysis (Section and [6.2.3)) to an X-ray burst of 4U 160852
that occurred during a hard spectral state (Degenaar et al., |2016a). Despite that
the X-ray burst, detected with NuSTAR, was severely sub-Eddington (x0.35Lgqq
at its peak), spectral analysis suggests that the persistent emission increased by a
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Fig. 6 Illustration of spectral features during an X-ray burst (Section . The top panel
shows the average Swift/XRT count-rate spectrum of the intermediate-duration burst of IGR
J17062—-6143 detected in 2012 (reported by Degenaar et all|[2013) together with a continuum
fit. The residuals in the bottom panel clearly reveal a broad emission line near 1 keV, which
possibly results from disk reflection. In addition, absorption features in the 7-9 keV range were
reported.

factor of fa ~5 and possibly softened (Figure see also Section|4.4]). In Section
we touch upon possible mechanisms to induce changes in the persistent emission
spectrum during X-ray bursts.

4.3 Reflection and local absorption

When studying NS LMXBs, there are several components that may cause discrete
features in the X-ray spectra (e.g. narrow absorption lines and edges or broad Fe-
Ka lines). This includes the NS photosphere (e.g. [Paerels| [1997)), the accretion disk
(e.g. |Cackett et al.,2010)), an accretion disk wind (e.g.|Diaz Trigo & Boirin, 2016]),
the interstellar matter (e.g. |Pinto et all 2013), and a wind or expanding shell
from the NS launched by PRE X-ray bursts (e.g. in 't Zand & Weinberg, [2010).
If emission and absorption features are detected during an X-ray burst, and their
origin can be determined, these may also give valuable information about how the
accretion flow is responding.

There are a handful of solid cases of (evolving) emission and absorption features
during X-ray bursts. This includes two superbursts from the persistent LMXBs
4U 1820-30 and 4U 1636-536, two intermediate-duration bursts that were both
detected from IGR J17062-6143, and two super-expansion X-ray bursts from the
candidate UCXBs 4U 06144091 and 4U 1722-30. Tablelists the emission and/or
absorption features detected during these events. Given the limited number of
X-ray bursts for which spectral features have been detected, it is not clear to
what extent these are state-dependent. We discuss the possible interpretation of
(evolving) reflection and absorption features during X-ray bursts in Section
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4.8.1 The 4U 1820-30 and 4U 1636-536 superbursts

The superbursts from 4U 1820-30 (PRE) and 4U 1636-536 (sub-Eddington and
non-PRE) showed similar spectral features: a broad Fe-Ka emission line near
~6.4 keV and an absorption edge at ~8-9 keV (both were detected with RXTE;
Strohmayer & Brown), [2002; [Ballantyne & Strohmayer], [2004; [Keek et al.] [2014al/b}
Koljonen et all 2016). In both cases the energy and normalization of the reflec-
tion features (both the line and the edge) decreased during the superburst. The
features were stronger in 4U 1820-30 than in 4U 1636-536, possibly due to the
lower X-ray burst flux for the latter.

In both superburst cases, the line and edge could be successfully modeled
as the X-ray burst emission reflecting off the (inner) accretion disk
[& Strohmayer], 2004} [Keek et all [2014Db)). Tracing the evolution of the reflection
features for 4U 1820-30 suggested that the inner disk receded during the X-ray
burst (Ballantyne & Strohmayer} [2004). To explain this, it was proposed that the
inner part of the accretion flow was evacuated during the X-ray burst
see also Section. In case of the superburst from 4U 1636536,
the evolution of the ionization parameter suggested that the reflection initially
occurred in the outer regions of the disk, but came from closer in (presumably
the inner disk) during the tail of the X-ray burst, possibly due to a change in
disk structure (Keek et all) [2014b). Interestingly, an increase in column density
was seen during both superbursts, which persisted long after the X-ray burst
peak (Strohmayer & Brownl [2002; Keek et al. [2014a). For 4U 1820-30, it was
suggested that the increase in local absorption could be due to material being
ejected from the photosphere during the PRE phase (Ballantyne & Strohmayer]
[2004). However, since the superburst of 4U 1636-536 was sub-Eddington and did
not show PRE, this seems less likely. It was therefore proposed instead that the
X-ray burst perhaps drew material off the disk in a wind (Keek et all, [2014a).

4.8.2 The intermediate-duration bursts from IGR J17062-6143

A broad emission line near 1 keV (which may be due to Fe-L, Ne or some combi-
nation of ionization states of the two elements) and possible absorption lines/edges
in the = 8 —9 keV range were detected during an intermediate-duration burst from
IGR J17062-6143 that was captured with Swift in 2012 (see Table
. The average X-ray burst spectrum is shown in Figure@ which illus-
trates the spectral features. A phase of strong, irregular light curve variability in
the tail of the 2012 X-ray burst suggest that it may have exhibited superexpansion
(see Section. All emission/absorption features were seen throughout the X-ray
burst, but the data quality was not good enough to track any possible changes in
the properties of the features along the X-ray burst. Photo-ionization modeling of
the blue-shifted absorption features pointed to material flowing out at a distance
of ~ 10% km from the NS, broadly consistent with independent estimates from the
width of the ~1 keV emission line (assuming dynamical broadening by plasma exe-
cuting Keplerian orbits) and the time scale of the light curve variations
. It was therefore proposed that the irregular light curve variability
and the discrete spectral features were all caused by material that was pushed out
to a distance of ~ 103 km in response to the intense X-ray burst emission.
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Another intermediate-duration burst was detected from IGR J17062-6143 with
MAXI and Swift in 2015. Time-resolved X-ray spectral analysis suggested that
this X-ray burst exhibited super-expansion. As for the 2012 event, an emission
feature near 1 keV was seen and there were some hints that this feature evolved
along the X-ray burst. Therefore, it was speculated upon that the illuminated gas
(presumably the inner edge of the accretion disk) moved inward during the X-ray
burst (Keek et al) [2017). The 2015 X-ray burst did not exhibit the wild light
curve variability that was seen for the 2012 X-ray burst, although such a (short-
lived) phase may have been missed due to non-continuous sampling of the 2015
X-ray burst. It is of note that an intermediate-duration burst detected from the
persistent LMXB SAX J1712-3739 with Swift showed similar light
curve variability as the 2012 X-ray burst from IGR J17062-6143, but for SAX
J1712-3739 no convincing emission/absorption features are seen in the spectrum.

4.8.8 The super-expansion X-ray bursts from 4U 06144091 and 4U 1722-30

Studying a large sample of 32 super-expansion X-ray bursts (from 8 different
sources; see also Section , 2 X-ray bursts were found to show significant de-
viations from black-body spectra (in addition to the superburst from 4U 1820-
30; [in 't Zand & Weinberg} [2010)): the super-expansion X-ray bursts detected
with RXTE /PCA from the candidate UCXBs 4U 06144091 and 4U 1722-30 both
showed a broad emission line between 6-7 keV and absorption edges that evolved
during the X-ray bursts. Although the limited spectral resolution of the PCA pre-
cluded an exact identification, the edges were interpreted as signatures of heavy
element ashes in the expanding photosphere of the NS (in 't Zand & Weinberg)
2010). It was previously suggested that such features should be detectable in the
spectra of (PRE) X-ray bursts (Weinberg et al., [2006)).

4.8.4 Additional notes on reflection and spectral features

It is worth pointing out that targeted searches with the grating instruments of
Chandra and XMM-Newton did not reveal any discrete spectral features from (nor-
mal) X-ray bursts of the peristent LMXBs GS 1826-24 (Kong et all [2007) and 4U
1728-34 (Galloway et al. [2010c]), nor of the transient LMXBs SAX J1808.4-3658
(in 't Zand et all 2013) and the rapid burster MXB 1730-335
2017)). However, [Pinto et al| (2014) reported on the detection of blue-shifted ab-
sorption lines, indicative of outflowing plasma along the line of sight, right after the
particularly energetic X-ray burst from SAX J1808.4-3658 reported by
. Those features were not present prior to or during the X-ray burst.
This seems to suggest that the X-ray burst somehow ejected material (e.g. from the
photosphere, disk, or corona), perhaps similar to the wind-like outflows that have
been tentatively inferred from emission/absorption features in other X-ray bursts
(e.g. Ballantyne & Everett], |2005; [in 't Zand & Weinberg|, |2010; [Degenaar et al.,
. There is one reported case of the detection of narrow absorption features in
the stacked X-ray spectrum of a number of X-ray bursts from the quasi-persistent
LMXB EXO 0748-676, which were interpreted as gravitationally-redshifted lines
from the neutron star photosphere (Cottam et all 2002)). However, the later dis-
covered high rotation period of 552 Hz (Galloway et al [2010b) firmly rules out
a gravitational-redshift origin (Lin et al., 2010). Moreover, the putative lines were
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Table 2 Emission and/or absorption features detected during long/energetic X-ray bursts.
Source Feature E. (keV) Reference
4U 1820-30 Fe-Ka emission line 5.8 — 6.7 [1-3]
absorption edge 8—9
4U 1636-536 Fe-Ko emission line 6.4 [4,5]
absorption edge 8.1—-9.4
IGR J17062-6143 (2012)  emission line (Fe-L or Ne?) 1.0 [6]
absorption line 7.7
absorption line 8.1
absorption edge 8.8 (fixed)
absorption edge 9.3 (fixed)
(2015) emission line 1.0 7]
4U 06144091 Fe-Ka emission line 6—7 8]
absorption edge 4.6 —8.5
4U 1722-30 Fe-Ka emission line 6—7 8]
absorption edge 6—11

-

[1] |Strohmayer & Brown (12002 , 2] |Ballantyne & Strohmayer 2004'), [3] |Ballantyne & Everett
(2005)), [4] |[Keek et al.| (2014a), [5] [Keek et al|(2014b), [6] [Degenaar et al| (2013)), [7] [Keek
et al.| (2017) [8] |in 't Zand & Weinberg| (2010).

not observed when the experiment was repeated with new data
008).

There are also cases reported in the literature of seemingly broad emission fea-
tures between 4-8 keV that cannot clearly be interpreted as reflection or Comp-
tonization. This includes intermediate-duration bursts from the (persistent) UCXB
4U 2129+11 in M15 (van Paradijs et all |1990), the Z-source GX 1742 (Kuulkers
et al.L 2002)), and the frequently active transient GRS 1747-312 in Terzan 6 @
Zand et al. [2003). Such features have been ascribed to imperfect modeling of the
X-ray burst emission (i.e. deviations from a Planck spectrum; e.g.
. Indeed, discrete spectral features may also be formed in the NS pho-
tosphere (e.g. [Weinberg et al., [2006; [in 't Zand & Weinberg) 2010} Nattila et al.|
[2015; [Kajava et al) [2017b) and are not necessarily a signature of disk reflection
or a wind-like outflow.

Finally, it is worth noting that while emission features in X-ray spectra are
direct evidence that (some of) the X-ray burst radiation is reflected by the disk,
indirect evidence for reflection is provided by the difference in maximum peak
fluxes observed in soft and hard spectral states (see figure 1 in w
(2014) and [Suleimanov et al.| (2016)) for the interpretation). It should also be kept
in mind that Fe emission features are caused by gas that is only partly ionized; it
is possible that the accretion flow extends further in, where Fe is fully ionized and
hence does not leave any spectral features but mainly reflects through electron
scattering radiation.

4.4 Effect on the high-energy persistent emission tracing the corona

It was first noted by Maccarone & Coppi| (2003) that there was a factor ~2 reduc-
tion of the high-energy flux (30—60 keV) during the peak of an X-ray burst from
the frequently active transient Aql X-1 (detected with RXTE). This X-ray burst
occurred during a hard X-ray spectral state and was not particularly long or lumi-
nous. Based on energetic considerations, the observed high-energy flux reduction




28 N. Degenaar et al.

3000— 3000—

2000 2000

1000 1000

flux in 2-10 keV (cts/s)
flux in 2-10 keV (cts/s)

flux in 30-50 keV (cts/s)
flux in 30-50 keV (cts/s)

0 50 0 50
seconds after bursts seconds after bursts

Fig. 7 Illustrative example of hard X-ray deficits during X-ray bursts. Shown are data ob-
tained with RXTE during the 2008 outburst of IGR 17473-2721. In this outburst the source
moved from a hard state to a soft state and then through a hard state back to quiescence. The
top panels show the 2-10 keV count rate, whereas the bottom panels show the hard, 30-50
keV count rate. Each data point is the sum over the spectral residual after subtracting the
persistent emission in the relevant energy band. Left: 32 stacked X-ray bursts detected during
the initial hard state that preceded the soft state. A hard X-ray deficit during the X-ray burst
peak is evident. Right: 7 stacked X-ray bursts detected during the decaying hard state that
followed the soft state. In this case, the hard X-ray count rate remains stable during the X-ray
burst. These plots were adapated from |Chen et al.| (2012).

was interpreted as cooling of the corona due to the injection of soft X-ray burst
photons. We explore this idea further in Section [5.2

There are several sources now for which hard X-ray (>30 keV) deficits have
been reported during X-ray bursts. An example of this is shown in Figure
For six of those sources, attempts have been made to measure the lag between
the detection of the hard X-ray deficit and the peak of the X-ray burst: these
are on the order of ~1-4 s, although not all these measurements are significant
(see Table . These sources are quite different in terms of their accretion behavior
(e.g., average accretion luminosity or persistent versus transient nature). Note that
the enhancement in the persistent emission (Section is typically measured at
lower energies of < 30 keV, so this does not conflict with the deficits seen at higher
(> 30 keV) energies. In exceptional cases it may be possible to study variations in
the shape of the persistent high-energy spectrum during X-ray bursts (e.g. [Keek
et al. |2014a; |[Degenaar et al.l [2016a; [Koljonen et al.) 2016; Kajava et al.| |2017a,
see Section [6] for a future outlook).

4.4.1 State dependence of hard X-ray deficits

Studying a larger sample of X-ray bursts from Aql X-1 revealed similar hard X-ray
deficits (Chen et all|2013)). Interestingly, however, despite the similar X-ray burst
profiles seen for hard and soft state X-ray bursts, the reduction of the > 30 keV X-
rays was only present during hard-state X-ray bursts, and not during the soft-state
ones. This underlines the importance of the accretion geometry and/or physical
properties of the corona in the interaction with X-ray bursts (Chen et al., [2013]).

A similar state-dependence of the hard X-ray reduction has been seen for the
persistent LMXB 4U 1636-536 (Ji et al., |2013)), and in a sample of X-ray bursts
collected from the transient LMXB IGR J17473-2721 (Chen et al.| [2012). Results
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for latter source are shown in Figure [/t Most X-ray bursts were detected during
the rising hard state at the beginning of its 2008 outburst, and stacking these
revealed a clear deficit of 30-50 keV flux around the X-ray burst peaks. Such a
deficit is not detected, however, in the falling hard state at the end of the outburst
(i.e., after the source had gone through a soft state).

Prompted by the discoveries of hard X-ray deficits during X-ray bursts, |Ji
et al.[(2014c)) investigated a sample of 17 NS LMXBs (that all had >5 X-ray bursts
detected) to search for similar behavior. A hard X-ray deficit was found only during
the hard state X-ray bursts of the (quasi-)persistent LMXBs KS 1731-260 and 4U
1705-44, but not during their soft state X-ray bursts nor in any of the X-ray
bursts of the other 15 sources. It was therefore proposed that the lack/occurrence
of hard X-ray deficits may be related to the accretion geometry (e.g. the height
of the corona) or the properties of the X-ray burst (e.g. if its temperature is high,
the X-ray burst will contribute significant hard X-ray flux that may dilute any
possible deficit due to coronal cooling; |Ji et al) [2014c). It is of note, however,
that a study with INTEGRAL of the persistent accretor 4U 1728-34, stacking
123 individual hard-state X-ray bursts, revealed a significant deficit of 40-80 keV
photons compared to the persistent emission (Kajava et al.| [2017¢), whereas such
a hard X-ray reduction was not found for this source in the previous RXTFE study
(Ji et al.,[2014c|). This may have to do with the different responses of the PCA and
ISGRI instruments, as well as their different levels of background contamination
(Kajava et al., [2017c).

4.4.2 X-ray burst-induced changes in the hard X-ray accretion spectrum

Stacking X-ray bursts of the clocked burster (GS 1826—238) allowed to investigate
the underlying mechanism of the reduction of the high energy photons during X-
ray burst peaks (Ji et al. |2014b)). Modeling the persistent emission during the
X-ray bursts suggested that the deficit could possibly be caused by cooling the
corona from T, = 21 to 16 keV (see also Section |5.2)).

Similar inferences about coronal cooling can be made from other studies. For
instance, NMF analysis of a hard state (non-PRE and sub-Eddington) X-ray burst
detected from 4U 1608-52 in 2015 with NuSTAR, revealed hints of a softening of
the persistent emission spectrum were found (Figure [5; [Degenaar et al., [2016a)).
This can possibly be explained as cooling of the corona. However, no deficit of the
hard (>30 keV) emission was observed for this particular burst (Degenaar et al.l
2016al), nor in a stacked sample of RXTE-detected X-ray bursts from 4U 1608-52
(Ji et al., [2014c).

The high quality data of the superburst from 4U 1636-536 also allowed to
track possible changes in the shape of the persistent emission during the X-ray
burst. It was found that the pre-burst emission could be described by a cutoff
power-law and that the cutoff energy decreased around the X-ray burst peak,
recovering to its original value in the X-ray burst tail (Keek et al. [2014a). This
was also interpreted as cooling of the corona by the injection of the soft burst
photons. We note, however, that [Koljonen et al.| (2016) used the NMF technique
to instead argue that the accretion emission remained unaltered and that only the
radiation of the boundary/spreading layer changed during the X-ray burst (see
also Section .
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Table 3 Lags for hard X-ray (>30 keV) deficits with respect to the X-ray burst peak.

Source Lag (s) Reference

Aql X-1 1.8+15 Chen et al|(2013)
IGR J17473-2721 0.7+0.5 Chen et al.| (2012)
4U 1636-536 24+1.5 Ji et al.|(2013)
GS 1826-238 3.6+1.2 Ji et al.[ (2014b))
KS 1731-260 0.9+21 Ji et al.| (2014c)
4U 170544 2.5+2.0 Ji et al.| (2014c)

4.5 Effect on kHz quasi-periodic oscillations

The physical origin of QPOs at kHz frequencies has not been established, but it
is generally assumed that these signals represent the dynamical timescale of the
inner part of the accretion flow, close to the NS. Since this region may be subject
to the intense radiation of X-ray bursts, there could be observable effects on the
properties of kHz QPOs. Indeed such effects have been reported for the frequently
active transient Agl X-1 and the persistent source 4U 1636-536 (Yu et al.| [1999;
Peille et al., [2014).

A significant reduction of the kHz QPO frequency was detected with RXTE in
Aql X-1 from 813 + 3 Hz before an X-ray burst to 776 +4 Hz thereafter (Yu et al.|
1999). This was accompanied by a ~10% decrease in the X-ray flux, as shown
in Figure [8| (left). Since the QPO frequency is expected to scale with the radial
distance from the NS (i.e., higher frequencies occur further in), it was proposed
that the X-ray burst blew away the inner accretion flow. There was nothing unusual
about this X-ray burst in terms of peak luminosity, duration or energetics.

A sample of 15 X-ray bursts detected from two sources, 4U 1636-536 (10 X-ray
bursts) and 4U 1608-52 (5 X-ray bursts), was analyzed by |Peille et al.| (2014) to
track the kHz QPO on a timescale commensurable with the X-ray burst duration
(tens of seconds) in the dynamical PDS. For the majority of X-ray bursts in the
sample (12), the QPO went undetected for an episode of ~20-30 s after the onset of
the X-ray burst, but this is plausibly due to reduced sensitivity (i.e. the injection
of non-modulated burst photons causes a strong drop in the significance of the
QPO signal). However, in the 3 remaining X-ray bursts from 4U 1636-536, the
QPO signal remained undetected up to several hundreds seconds after the onset
of the X-ray burst. It is of note that the X-ray burst for which the suppression of
the QPO was most significant, which is shown in Figure [8| (right), had a longer
duration and higher total energy output than all other X-ray bursts in the sample.
Nevertheless, spectral analysis did not yield an unusually large amplification factor
for the persistent emission during these X-ray bursts (maximum values of f, = 6,
whereas values up to fa &~ 20 were reached for other X-ray bursts in the studied
sample). The disappearance of the QPO signal could possibly be due to draining of
the accretion disk (accompanied by a temporary enhancement in the accretion rate
up to a factor of ~ 6), but [Peille et al.| (2014) pointed out that the (viscous) time
to restore a depleted disk is > 100 s, whereas for most X-ray bursts the QPO was
detected already ~20-30 s after the X-ray burst onset. Therefore, these authors
instead favored an interpretation in which the X-ray burst emission irradiates and
heats the inner accretion disk, causing it to puff up (see also|Ballantyne & Everett|
2005). In Section we discuss these different mechanisms in more detail.
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Fig. 8 Detectable effects of X-ray bursts on kHz QPOs. Left: Change in the QPO frequency
around an X-ray burst of Aql X-1 detected with RXTE. Top: Instrument count rate. Middle:
zoom to illustrate the change in persistent flux around the time of the X-ray burst. Bottom:
QPO frequency. The red dashed line marks the peak of the X-ray burst. This plot was kindly
provided by Wenfei Yu as adapated from |[Yu et al.| (1999). Right: Dynamical PDS and light
curve (white, overlaid) of an X-ray burst from 4U 1636-536 detected with RXTE. The non-
detection of the QPO is significant in a time interval of 80-248 s after the X-ray burst peak.
This plot was kindly provided by Philippe Peille as adapated from [Peille et al.| (2014).

4.6 Superexpansion and large-amplitude light curve variability

Extreme PRE, i.e. superexpansion (see Section , is manifested as a dramatic
drop in burst emission. It is plausible that the extreme expansion causes the tem-
perature to decrease to such an extent that the emission moves out of the X-ray
band. This would then lead to the observation of an X-ray precursor to the main
burst event (first reported by [Hoffman et al., [1978a, an example is shown in Fig-
ure @] left). A compilation of 39 X-ray bursts with precursor events (i.e., indicating
a superexpansion phase) from 9 different sources was recently given by |in 't Zand
et al| (2014b). It is worth noting that all of the sources showing precursors are
either confirmed or strong candidate UCXBs (seelin 't Zand et al.,|[2007} |in 't Zand
& Weinberg, [2010, and references therein).

During superexpansion X-ray bursts, the X-ray emission may actually decrease
below the pre-burst emission level: an example is shown in Figure [9] (right). It
has been proposed that this is caused by a geometrically thin but optically thick
gas shell that is driven off the NS during the extreme PRE burst (in 't Zand &
Weinberg,, [2010). Such an expanding gas shell can engulf the accretion flow so
that it is temporarily blocked from our view, and may explain why the X-ray
emission falls below the pre-burst level during this phase. This ejection of matter,
moving at mildly relativistic speeds (in 't Zand et al., 2014b)), is bound to affect
the accretion flow. Indeed, there are a few clear examples where superexpansion
seems to disrupt the disk.
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Table 4 Large amplitude light curve variability during X-ray bursts. These X-ray bursts show
dramatic time variability, with strong deviations from the FRED-like envelopes of the X-ray
bursts, as described in the text and shown in Figure EI (right). The start time is given with
respect to the X-ray burst peak.

Source Instrument Start (s) Duration (s) Remark Ref.
2S 0918-549 BeppoSAX ~ 130 ~ 100 1]

RXTE ~ 120 ~ 80 2]
4U 2129+11 Ginga ~0 ~ 30 M15 3]
4U 1820-30 RXTE ~ 6000 ~ 1500 superburst [4]
SLX 1735269 INTEGRAL ~ 750 ~ 500 [5]
SAX J1712-3739 Swift ~ 100 ~ 500 [6]
IGR J17062-6143 Swift =~ 400 ~ 600 2012 (7]
GRS J1741.9-2853  NuSTAR ~ 50 ~ 50 Galactic center 8]

[1] in ’t Zand et a1.| (I2005b|)7 [2] |in 't Zand et al| (2011), [3] van Paradijs et al. (1199[)'),
[4] |Strohmayer & Brown| (2002), [5] [Molkov et al| (2005), [6] Palmer| (2011)), [7] |Degenaar|

et al.| (2013), [8] Barricre et al.| (2015)

On a few occasions, particularly energetic X-ray bursts have shown large am-
plitude, erratic flux variability during a phase of the X-ray burst tail. An example
of this is shown in Figure El (right). It appears that these variations are related
to superexpansion (in 't Zand et al| [2011)) and it has been observed for 8 X-ray
bursts from 7 different sources (listed in TableE[). Seven of these X-ray bursts were
of intermediate duration, whereas one was a superburst. The start time and dura-
tion of the strong light curve variations varies from source to source (see Table E[)
In two sources with these strong variations, 4U 1820-30 and IGR J17062-6143,
emission/absorption features were seen in the X-ray burst spectra, which may be
related to the unusual flux variations (Strohmayer & Brown| [2002; [Ballantyne|
[& Strohmayer|, 2004} [Ballantyne & Everett], [2005; [Degenaar et al.| [2013] see Sec-
tion. The large-amplitude flux variability is likely linked to the material that is
ejected from the photosphere during the superexpansion (Paczynski & Proszynski
1986}, [Ballantyne & Everett] 2005; [Weinberg et all, 2006} [in 't Zand et all, 2011
Degenaar et al.,[2013). This is further discussed in Section[5.1] It is worth pointing
out that for instruments with no energy coverage below ~3 keV (e.g. RXTE) the
large amplitude variations may appear achromatic (in 't Zand et all [2011)), but
when lower-energy coverage is available (e.g. with Swift) the variations do show
an energy dependence (Degenaar et al., [2013)).

4.7 Other possible examples of the effect of X-ray bursts on the accretion flow

Sections 4.2-4.6 describe comprehensive and convincing cases of how X-ray bursts
affect the surrounding accretion flow. In this Section we describe a few other types
of observations that can possibly also be indicative of such interactions but are
somewhat more ambiguous.

4.7.1 Changes in fast variability properties related to X-ray bursts

[Altamirano et al.| (2008b) report on a decrease in frequency and eventual disap-
pearance of the mHz QPO in the frequent burster 4U 1636-53, which happened
between the transition from the hard to soft state. This behavior is somewhat
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Fig. 9 Observable manifestations of superexpansion. Left: A precursor burst for 4U 06144091
(RXTE data, 2-60 keV, 10 ms time resolution). This plot is adapted from w
. Right: Wild light curve variability during an intermediate-duration burst of IGR
J17062-6143 (observed with Swift; Degenaar et al., |2013). The top panel shows the evolu-
tion of the 0.3-10 keV count rate detected with the XRT (5 s time resolution). The dashed
line represents the overall decay trend in the X-ray burst tail and illustrates the amplitude
of the fluctuations. The bottom panel shows the evolution of the magnitude in the U band
(central wavelength 3465 A, Vega system), which is likely due to reprocessing of the X-ray
burst emission.

reminiscent of the changes in the kHz QPOs observed for Agl X-1 and 4U 1636-53
(see Section [Yu et al, |1999; Peille et al., |2014). However, in the case of 4U
1636-53 the X-ray burst happened after (rather than before) the observed change
in the mHz QPO properties. This different causal connection suggests that the
physical mechanism is likely different. Indeed, unlike kHz QPOs that are associ-
ated to phenomena happening in the inner accretion flow, the current paradigm is
that mHz QPOs are instead related to marginally stable thermonuclear burning
on the surface of the NS (e.g. Revnivtsev et al.| [2001; [Yu & van der Klis| 2002
[Heger et all,[2007; [Altamirano et al [2008b} [Linares et al,[2012} Keek et all [2014a
Lyu et al 2014} 2016)). Nevertheless, for 4U 1608-52 an anti-correlation between
the occurrence of mHz QPOs and the kHz QPO frequency was observed, which
suggests that mHz QPOs can perhaps cause (small) perturbations in the accretion
flow (Yu & van der Klis| 2002)).

Another intriguing phenomena is that for the intermittent AMXPs HETE
J1900.1-2455 (377 Hz) and SAX J1749.8-2021 (442 Hz), the sporadic detection of
X-ray pulsations might be triggered by the occurrence of an X-ray burst
let al.| 2007} [Altamirano et al [2008a). However, the detection of intermittent pul-
sations in Aql X-1 (550 Hz) did not have any connection with X-ray bursts
and later detections of pulsations from HETE J1900.1-2455 were not

related to X-ray bursts either (Patruno| |2012]).

It may be argued that both mHZ QPOs and pulsations are arising from the
NS surface rather than accretion flow and that these phenomena are therefore
different from the ones discussed in Section 4.2—4.6. However, the matter arriving
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on the NS surface is of course coming from the accretion flow and it is plausible
that the properties of the flow (and their response to an X-ray burst) play a role.

4.7.2 X-ray bursts inducing accretion outbursts?

Particularly with older X-ray missions, several X-ray bursts were discovered while
no persistent accretion emission could be detected above the instrument back-
ground (implying Ly < 1036 erg s7!). These NS LMXBs were therefore referred
to as “burst-only sources” (e.g. |in 't Zand et al| [1999} [Cocchi et all [2001}; |Cor-|
nelisse et al., 2002; Kuulkers et al., [2009, see also Section [6.2.4). A few of these
X-ray bursts were followed by an accretion outburst within a few days (see Ta-
ble[l]). The X-ray burst from the transient LMXB EXO 1745-248 (in Terzan 5) that
occurred before its faint 2011 accretion outburst was likely a superburst
let all [2012; [Altamirano et al., 2012, whereas the X-ray burst detected from Cen
X-4 prior to its 1969 accretion outburst was of intermediate duration
(19725 [Kuulkers et al. [2009). All other cases concern normal, short X-ray bursts.
[Kuulkers et al.| (2009) addressed whether the intense X-ray burst emission
could ionize the cold, neutral (i.e. quiescent) accretion disk so that matter can
flow more rapidly onto the NS and an accretion outburst is generated. For all but
the superburst of EXO 1745-248 (Altamirano et all 2012), however, the energy
output from the X-ray burst is insufficient to ionize a cold disk. For most of these
cases it therefore seems more likely that the accretion rate was already enhanced
before the outburst, which is a prediction of the disk-instability model, and that
this facilitates the ignition of an X-ray burst rather than vice versa

ot al [2009).

5 Theoretical framework

As described in detail in Section[4] there exists a vast body of evidence that X-ray
bursts can affect the structure of the accretion disk and corona in a variety of ways.
Although the individual topics of accretion disks and corona have a rich theoretical
history, little attention has been paid to date to the processes that may arise in
these systems when subject to an intense burst of radiation. In this Section, we
review the current theoretical framework for interpreting the influence of X-ray
bursts on accretion disks and corona. However, we emphasize that much more
work needs to be done before a coherent understanding of the relevant physics
emerges.

5.1 The influence of X-ray bursts on accretion disks and the accretion rate

The standard method of subtracting a pre-burst spectrum as background when
modeling the X-ray burst emission reveals spectral residuals when high signal
to noise data is available (e.g. when a large sample of X-ray bursts is analyzed in
aggregate, data is taken with high sensitivity instruments, or one can integrate over
long times such as for long X-ray bursts). Allowing for variations in the persistent
emission during the X-ray burst significantly improves the fits (see Section .
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We here summarize the main findings of applying this analysis approach to a large
number of X-ray bursts:

— Allowing the persistent flux to vary by a factor of f, suggests that it increases
for the majority of X-ray bursts/sources, independent of the presence of PRE
or the peak flux of the X-ray burst. The exception are Z-sources for which
fa = 1, and super-expansion X-ray bursts for which f, < 1.

— Studying a large sample of X-ray bursts suggest that while f, is on average
similar for PRE and non-PRE X-ray bursts, the former shows a larger spread
that extends to higher maximum values.

— The amplification factor of the persistent emission f, appears to be state-
dependent; it is higher in soft states than in hard states.

— Using high-quality data of very long X-ray bursts or employing the NMF spec-
tral decomposition technique allows to detect changes in the shape of the per-
sistent spectrum; this generally suggests that the persistent emission softens
during an X-ray burst.

Most of these studies have been performed using data up to ~30 keV. These
findings suggest that the accretion disks in NS LMXBs respond to X-ray bursts.
In the truncated disk paradigm, in which the accretion disk recedes when moving
from the soft state into the the hard state (see Section , the impact on the
accretion disk should be most noticeable during soft states. It is worth noting that
apart from its effect on the disk, an X-ray burst can also temporarily change the
accretion rate (see Section , which can affect both the disk and the corona.

Moving beyond the simple parametrization discussed above, the detection of
(evolving) X-ray reflection features during a superburst from 4U 1820-30 has been
particularly valuable to study the dynamics of the accretion disk in response to an
X-ray burst. The intense radiation field generated by X-ray bursts will irradiate
the accretion disk surrounding the NS. The X-rays will be scattered and thermal-
ized by the gas in the disk with a large fraction re-emerging in the X-ray band.
This backscattered, or reflected, radiation can potentially be imprinted with spec-
tral features that provide important diagnostics of the accretion flow such as its
dynamics, density and abundances (e.g.|[Fabian & Ross|, 2010]). The possibility that
reprocessing from the accretion disk may be detected in the X-ray spectra of X-ray
bursts was initially suggested by Day & Done (1991), but the first clear example
was the detection of the Fe-Ka line and edge in the RXTE observation of the 4U
1820-30 superburst (Strohmayer & Brownl |2002; Ballantyne & Strohmayer, |2004)).
These spectral features are known to be produced by the reprocessing of X-rays
in a dense and relatively cool environment that lies out of the line-of-sight (e.g.
George & Fabian| (1991, and are commonly observed in a wide variety of accreting
systems (e.g. Miller|, 2007]).

Modeling the time evolution of the reflection features with sophisticated ion-
ized reflection models allowed for time-dependent measurements of the ionization
state of the reflecting region of the disk during the superburst of 4U 1820-30, as
well as the total reflection strength in the spectrum (which is related to the cov-
ering fraction of the reflector). The Fe-Ka features observed in the spectra of 4U
1820-30 were also observed to undergo a variable redshift during the superburst.
Interpreting this redshift as gravitational, i.e. due to the potential well of the NS,
also allowed constraints to be placed on the radius of the reflecting region during
the superburst. Combining all this information, [Ballantyne & Strohmayer| (2004)
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found the striking result that the reflecting region in the accretion disk around 4U
1820-30 moved from a distance of = 20 r4 to & 100 r4 (corresponding to = 44 to
220 km for a 1.5 Mg NS) over the first 1000 s of the X-ray burst, before returning
to = 20 r4 over the following ~ 1000 s.

5.1.1 Radiative mechanisms that can affect the disk and accretion rate

With the information obtained from the reflection analysis of the 4U 1820-30
superburst one can scrutinize the response of the accretion disk to the X-ray
burst radiation. In addition to simply photo-ionizing the surface of the accretion
disk, causing the above mentioned reflection features, the X-ray burst photons can
impact the disk in the following ways:

1. Launch a radiatively-driven mass outflow (see also Section . Although a
thermally-driven disk wind should be ineffective in the inner disk region due
to the strong gravity of the NS, the case of a radiatively-driven outflow from a
disk during an X-ray burst was investigated by [Ballantyne & Everett| (2005)).
The computations suggested that the mass-outflow rate through the wind did
not exceed the accretion rate through the disk, therefore the inner ~ 100 ry
(= 220 km) of the disk around 4U 1820-30 could not be emptied simply by
a wind. Moreover, significant column densities could only be driven for super-
Eddington luminosities, which were only obtained at the beginning of the X-ray
burst.

2. Increase the mass inflow as a result of radiation drag. The intense burst emis-
sion can cause a radiation drag, the so-called Poynting-Robertson effect, that
could drain the inner disk onto the NSE The competing mechanisms of radia-
tion pressure and Poynting-Robertson drag on disk particles were simulated by
Stahl et al.| (2013]) and |[Mishra & Kluzniak| (2014]). These studies demonstrated
that the influence of both processes decreases with increasing distance from
the NS, but that radiation drag does so faster. Therefore, the minimum burst
luminosity that is required to eject particles will increase with distance so that
the net effect on the accretion rate depends on the position of the inner disk
radius. This seems to be qualitatively consistent with the observations: during
soft states the disk is thought to be close in, hence an enhancement in the
persistent emission may be expected, even for bright X-ray bursts. However,
the timescale for this effect is very fast (Ballantyne & Everett) |2005)), so this
mechanism can not explain on its own why the reflecting region observed in
the 4U 1820-30 burst evolved out to ~ 100 r4. During hard states, on the
other hand, the disk is thought to be receded and radiation pressure may win
the tug of war when an X-ray burst is intense enough, hence a reduction of
the persistent emission would be expected. This can be tested with X-ray re-
flection observations of (long) hard-state X-ray bursts (e.g. |Degenaar et al.l
2013; [Keek et all [2017)). We note that this mechanism can operate both on
(optically thick) disks and (optically thin) coronae, but possibly with different
efficiencies.

12 Although this affects the electrons, the general assumption is that Coulomb-coupling is
efficient enough that the material can be treated as a single fluid, which is valid expect for
very tenuous accretion flows (Walker) [1992]).
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3. A change in disk structure due to X-ray heating. The intense burst emission
also heats the disk, which could increase its scale height and change its surface
density. These effects should typically occur on the viscous timescale. For rea-
sonable parameters, this timescale is in agreement with the ~ 1000 s variation
in the reflecting region observed in the 4U 1820-30 superburst (Ballantyne
& Everett), |2005). This simple estimate does imply that such a large change
in the reflecting region might only be observed during superbursts or during
intermediate-duration bursts from low-luminosity bursters (which can be ob-
served up to hours due to the very low accretion flux).

Ultimately, all three of these processes (outflow, inflow and heating) will be
operating on an accretion disk during an X-ray burst, and it is unlikely that a
single one dominates over the others (see also |[Fukue) 1983} Walker & Meszaros)
1989; (Walker}, 1992; [Fukue & Umemuray, 1995| for earlier discussions). Also, the
effect on the corona cannot be fully decoupled: heating and outflows may truncate
the disk, which can change the accretion rate and in turn affect both the disk and
the corona. We note that [Degenaar et al.|(2016a) considered whether cooling and
condensation of coronal gas onto the disk could account for the enhanced mass-
accretion rate inferred for the NuSTAR-detected hard state X-ray burst of 4U 1608—
52. However, their simple estimates suggested that there was not sufficient material
in the corona to account for that. Numerical simulations are required to fully
untangle the physical interaction between the X-ray burst and the surrounding
accretion flow.

Additional observations of X-ray reflection features during X-ray bursts are
also needed to further understand the range of interactions and phenomena that
are possible. The reflection signatures should be commonly observed in the spectra
of X-ray bursts if enough counts are obtained. As noted by [in 't Zand & Weinberg
(2010), the grating instruments on board of Chandra and XMM-Newton in principle
have the required spectral resolution and sensitivity to achieve this, although it
would require catching a (rare) long burst, or otherwise being able to stack many
X-ray bursts. Fortunately, there are several new and concept X-ray detectors that
can provide the data necessary to unravel the physics of the interaction between
X-ray bursts and disks (Keek et al., [2016] see also Section @

5.1.2 Mechanical impact on the accretion disk

In addition to the above described radiative processes, the mechanical interaction
between a radiatively-driven outflow or an expanding shell can possibly also dis-
rupt the accretion disk. [Ballantyne & Everett| (2005]) found that for the superburst
from 4U 1820-30 the radiatively-driven wind carried insufficient kinetic energy to
overcome the potential energy of the wind. This argument is likely true for the
majority of X-ray bursts. However, it was pointed out by [in 't Zand et al| (2011)
that in case of superexpansion X-ray bursts, a nova-like shell is ejected that carries
much more density than the radiatively-driven winds considered previously.

in 't Zand et al.|(2011]) investigated the impact on the disk for a superexpansion
X-ray burst from the UCXB 2S 0918-549 detected with RXTE/PCA. This X-ray
burst had a total duration of a few minutes and featured a brief (40 ms) precursor
as well as large-amplitude variations (staring ~120 s after the X-ray burst onset
and lasting for ~60 s). Making basic assumptions for the shell ejected by the X-ray
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burst and the accretion disk in this LMXB, |in ’t Zand et al.| (2011) indeed found
that the expanding gas shell likely had sufficient momentum to sweep up the inner
part of the disk, out to a few hundred km, and ablate the disk surface over much
larger distances of ~ 10 — 10 km. Since the donor star continues to feed the
accretion disk, once the effect of the super-Eddington radiation subsides, the disk
should settle back at its original thin structure and extend down to the vicinity of
the NS again.

Based on the analysis of the 2S 0918-549 X-ray burst, [in 't Zand et al.| (2011)
proposed that the large-amplitude variations seen in a number of superexpansion
X-ray bursts (see Section are due to the resettlement of the accretion disk
after it is swept up and puffed up by the expanding shell and radiation pressure.
The total duration of the variability phase may then be related to the radial extent
over which the obscuring gas is located when it starts to fall back. This idea is
supported by the apparent correlation between the duration of the Eddington-
limited phase of the X-ray burst and the total time over which the variability is
observed (i.e. the longer the Eddington-phase lasts, the further out disk material
can be pushed; lin 't Zand et al. 2011)).

5.2 The influence of X-ray bursts on coronae
5.2.1 Interpretation of the hard X-ray deficits during X-ray bursts

As described in Section[4-4] there is vast evidence that X-ray bursts affect the hard
(=30-50 keV) X-ray emission component in NS LMXBs, which is usually ascribed
to the corona. Summarizing, the observational facts are:

— The hard X-ray deficit during X-ray bursts is dependent on the spectral state;
the suppression of hard X-rays is only seen during hard states and not during
soft states.

— Most NS LMXBs in their hard spectral states show suppression of the hard
X-ray emission during X-ray bursts, but in a few sources such a hard X-ray
deficit is not seen despite being in the hard state.

— The hard X-ray deficits are less strong during the hard state at the end of an
outburst (i.e., when a source is transitioning to quiescence) than during the
hard state at the beginning of an outburst (when the deficits are seen during
X-ray bursts), even if the hard X-ray fluxes are similar.

The hard X-ray deficits during X-ray bursts can in principle understood as
Compton cooling of the hot corona by the soft X-ray shower of an X-ray burst.
There are a few requirements to achieve this. Firstly, the corona should have a
relatively large opening angle with respect to the NS, so that the hot corona
receives a sufficient amount of soft X-ray photons to cause cooling. There are
several factors that determine whether this condition is met. One is the location
of the corona, which can be either along the surface of the accretion disk, or
concentrated in the inner part of the disk (see Figure . A corona of the latter
geometry would be cool more easily than the former, even if the distance to the
NS is similar.

The fact that in the decaying phase of the outburst the observed hard X-
ray deficit is less strong, and that for some NSs the hard X-ray deficits are not
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observed at all, can then possibly be explained in terms of disk evaporation (see
also Section . In this model there is no inner disk during the initial hard
state, when the source is coming out of quiescence, so that the corona subtends
a large solid angle with respect to the NS. Once a soft state is entered, the disk
extends close to the NS. When the system then transitions into a hard state in
the decaying phase of the outburst, the disk may possibly be extending further
in than during the initial hard state, so that the corona forms (partly) along the
disk. In such a configuration, the corona would have a large enough disk photon
supply to produce relatively strong hard X-rays. However, if the corona is now (in
part) stretched out along the disk, it has relatively smaller opening angle to the NS
than during the initial hard state. The corona may therefore be cooled to a lesser
extend by an X-ray burst. In this picture the corona is thus cooled more efficiently
during the initial hard state, causing a strong reduction in the hard X-rays, than
during the later later state (i.e. causing a less strong reduction).

An alternative explanation could involve the distance to the NS. Even if the
corona is always located in the inner region of the disk, the inner disk radius may
be further away from the NS in the initial hard state than during the hard state
at the end of an outburst. When the inner disk is further away from the NS, the
number of soft photons injected in the corona by the X-ray burst is smaller due
to the relatively smaller opening angle of the corona with respect to the NS. This
would then cause different amplitudes for the hard X-ray deficits in the initial
and later (i.e. post-soft state) hard spectral states. Nevertheless, in this case some
hard X-ray deficit during the later hard state is still expected. It is also possible
that the corona has a large radial extent (e.g. when it is the jet) and only part
of the corona facing the NS is cooled off, while the remaining part faced to the
disk, where the hard X-ray emission is observed, is influenced to a lesser extent.
Regardless of the exact underlying mechanism, the spectral state dependence of
the hard X-ray deficits may simply be due to the fact that the hard X-ray emission
is generally much weaker during the soft state.

5.2.2 Lessons from X-ray bursts on coronal (re)formation

One idea that explains the formation and evolution of the corona in a BH LMXB
or AGN is that the mass accretion rate M (in units of the Eddington ratio) drives
the variations of the complex accretion flows by the interaction between the cold
standard disk and the hot corona (e.g. |Liu et al.l (1999, 2002} 2007, 2011} [Meyer
et al., 2000alb). Specifically, the coupling between the hot corona and the cold disk
leads to mass exchange between these two components of the accretion flow. The
gas in the thin disk is heated up and evaporates into the corona as a consequence of
thermal conduction from the hot corona, or the coronal gas condenses into the disk
as a result of overcooling by, for example, external inverse Compton scattering. If
M is low, evaporation occurs and can completely remove the thin disk, leaving only
the hot corona in the inner region and a truncated thin disk in outer region. If M is
high, the gas in the corona partially condenses to the disk due to strong Compton
cooling, resulting in disk-dominated accretion. This model naturally explains the
different structures of accretion flow in different spectral states (e.g. |[Liu et al.l
1999 [2002], [2006], [2007], 2011} [Meyer et al., 2007, [2000b} [Taam et all [2008} [Qiao
& Liul 2009} 2012]).
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It remains challenging to determine the structure of the corona for stellar-mass
and supermassive accreting BHs from observations. The potential of turning to NS
LMXBs is demonstrated by a recent study of the X-ray bursts from IGR J17473—
2721. It was found that the X-ray burst emission was well-described by a black
body, suggesting that the X-ray burst emission itself experiences negligible Comp-
tonization. Furthermore, it was shown that the corona cools quickly during the
rising phase of X-ray bursts, while it is heated rapidly again during the decay-
ing phase of an X-ray burst (Chen et al., [2012). These results suggest that the
corona cannot cover the central compact object completely and that the (partial)
destruction and formation time scales of the corona are as short as seconds. Such a
quick evolution is quite difficult to understand in the above discussed evaporation
model, where the time scales involved are related to the viscous time scale of the
accretion disk. Perhaps the corona is not destroyed and just cools quickly but has
no time to condensate into the disk before it heats up again when the X-ray burst
radiation drops. Alternatively, this short time scale is consistent with a corona
produced by magnetic reconnections in the accretion disk, in a similar way as the
Solar corona is heated (Zhang et al., 2000]).

5.2.83 Simulations of Compton cooling due to an X-ray burst

As described above, Compton cooling of a corona by the injection of soft X-ray
burst photons can possibly explain the hard X-ray deficits and/or spectral soft-
ening observed during some X-ray bursts. To test whether this is indeed a viable
explanation, we here derive simple estimates of this effect.
Let us first consider the energetics of the persistent emission. The total accre-
tion luminosity is:
L =GM,M/R. (1)

where M, is the mass of the NS and Ry is its radius. This total luminosity is the
sum of three components:

L:Ld+Lc+Lns (2)

where,
La=(1-f)L/2 (3)

is the disk luminosity, with f the fraction of the accretion luminosity going to the
corona. Furthermore,

Le= (1 fe)fL/2 (4)

is the power fed to electrons of the coronal plasma and f. is the fraction of coronal
accretion power that is not radiated but advected onto the NS. The rest of the
power is dissipated at the boundary/spreading layer where the accreting material
is stopped by the surface of the NS. Finally,

Lns=L—Lg—Le=L(1+ fof)/2 (5)

is the luminosity of the NS surface and/or boundary/spreading layer.
Depending on the geometry, a fraction fq and fns respectively of the disk and
NS luminosity intercepts the corona. In addition, the disk is illuminated by the
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coronal X-rays and the radiation impinging on the disk is reprocessed and ther-
mally re-emitted (we neglect Compton reflection). The reprocessed disk luminosity
can be written as:

Liep = {Ls(l —e )+ LC} (6)

where Ls is the soft photon luminosity entering the corona and « is the fraction of
the coronal luminosity illuminating the disk. The latter is directly related to the
amplitude of the reflection component R ~ 2a. The Thomson depth of the corona
7 can be measured from spectral fits of the X-ray spectrum with Comptonization
models.

When accreting but not X-ray bursting, the soft photon luminosity entering
the corona is therefore:

Lso = ded + derep + fnsLns (7)

or equivalently:

LsO

:éfd-%-fns'f'f[fmfa_fd (l—a—kafa)} (8)
2

l-afa(l—e7)

During X-ray burst phases, however, the soft photon flux entering the corona
increases with the instantaneous X-ray burst luminosity Ly, as:

Ls = Lo + Ku Ly, (9)

where 5
Ky=-——°2 10
P T Taf l—e ) (10)
and fi, is the fraction of the X-ray burst luminosity that intercepts the corona.
The temperature of the electrons in the corona can be estimated from Compton
cooling equilibrium (using equations 13 and 14 of |Beloborodov, {1999, for stellar-
mass systems):

mec2 Lec 4/3
kTe ~ m (Z) (11)

Assuming that the coronal power L. remains constant, Equations [9] and
show that the coronal temperature will decrease with the X-ray burst luminosity.
The X-ray burst will have a significant effect on the energetics of the corona as
soon as Ky, Ly, the contribution of the X-ray burst to the coronal soft cooling,
becomes comparable to Lsg. We therefore expect to see a significant softening of
the coronal X-ray spectrum when the X-ray burst luminosity becomes a significant
fraction of the critical luminosity Ly, crit = Lso/Kp. This critical luminosity can be

written as:

Lb,crit - fd + fl’lS + f [fnSf; _ fd (1 —a + afa)] L (12)
Jb

Based on this basic mathematical framework, we can start to interpret the
observations. It is of note that Equation shows that the critical luminosity
Ly, crit depends on the geometry of the system. Some of the parameters can be
constrained by the observations of the accretion emission outside X-ray bursts. The
ratio L¢/Lso = Lc/Kp L cris is directly related to the slope of the hard X-ray non-
thermal emission and can be inferred from spectral fits with the Comptonization
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model EQPAIR (Coppi, (1992)), for instance, which takes into account the energy
balance in the corona. This adds further constraints on the other parameters. In
addition, one can assume a specific geometry and estimate the parameters expected
for this specific geometrical model.

Let us consider a model where the inner disk is truncated (because it is replaced
by a hot flow), which is the typically assumed geometry of hard states in LMXBs.
In this geometry the solid angle subtended by the corona as seen for the disk is
small, we assume fq = 0.05 and that reprocessing is not important; we set o ~ 0.1
(based on reflection measurements; see e.g. Barret et al., |2000; |Zdziarski et al.,
2003). The corona/hot flow is geometrically thick. We assume that the hot flow
has a constant aspect ratio e = h/r = 0.2 and extends from the NS surface to
the inner disk radius, which we set at Ry, = 10 Ry« (where Ry is the NS radius).
Therefore, f =1 — Ry«/Rin = 0.9. We also assume that the boundary/spreading
layer and the X-ray burst can be considered as isotropic point sources: frns =
fo =~ €/v1+ €2 ~0.2. The advection parameter is set to an intermediate value of
fe = 0.2, and we use 7 = 1.5. For these parameters, L, ¢;it ~ 0.6L. More generally,
Ly crit is not sensitive to the parameters and remains comparable to L (within a
factor of a few) as long as fns ~ fi, > fa. Therefore it is a prediction of the truncated
disk model that the corona should start to respond to the X-ray burst as soon as the
X-ray burst luminosity represents a sizable fraction of the accretion luminosity.

Keeping the same parameters and geometry, we can use the EQPAIR model to
simulate the spectral evolution of the system during an X-ray burst. For simplicity
we assume that both the disk emission and the NS surface emissions are all emit-
ted with a unique black-body spectrum of temperature Tgg. The total thermal
emission of the system, Lgg, varies linearly with the X-ray burst luminosity Ly:

Lpg = Lq + Lns + Ly + Lrep = Lepo + KgpLb (13)

The constants Lggg and Kgg can be easily expressed as a complicated function
of the geometrical parameters. We assume that the accretion luminosity and the
geometry of the system do not change during the whole duration of the outburst
(radius expansion is neglected). The black-body temperature therefore varies as

Tes = TeRo (LBB/LBBO)I/47 where the pre-burst temperature is set to Tggo=0.3
keV.

For a given ratio of the X-ray burst to accretion luminosities, Ly,/L, we es-
timate the soft photon temperature Tgg, the soft coronal luminosity Ls and the
compactness ratio L./ Ls, which are used as input parameters for the EQPAIR model.
The EQPAIR code calculates the resulting equilibrium temperature of the electron
plasma assuming a purely Maxwellian electron energy distribution, as well as the
resulting spectrum (shown in Figure . We also add a second thermal compo-
nent of luminosity Lgg — Ls corresponding approximately to the thermal emission
that does not intersect the corona and is observed directly. The EQPAIR model also
includes neutral disk reflection; the reflection amplitude was set to 2«a. Figure
shows the resulting sequence of spectra when Ly, is varied between 0 and 20 times
the accretion luminosity. The exact values of Ly, /L used for each simulation are
given in Table [5] together with the corresponding temperatures of the thermal
and Comptonized components and the resulting photon index in the 5 to 30 keV
band. Our simulations show that as Ly, increases the coronal electrons are gradually
cooled down, the X-ray spectrum becomes softer and softer, while the high energy cut-
off decreases and causes a dramatic suppression of the hard X-ray emission. At the
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Fig. 10 Basic simulations of the spectral evolution and coronal cooling as the X-ray burst
luminosity increases, using the EQPAIR model with the range of parameters listed in Table
The dotted curves show the EQPAIR Comptonization model, the full curves also include the
thermal emission which does not cross the corona. The different colors reflect the series of
spectra resulting from varying the burst to accretion luminosity ratio Ly, /L between 0 and 20
(as listed in the first column of Table [5)). These simulations show that as Ly increases, the
corona gradually cools down and the X-ray spectrum becomes increasingly softer while the
high-energy cutoff decreases, hence causing a strong suppression of the hard (=30 keV) X-ray

emission.

Table 5 Spectral parameters of the simulated EQPAIR spectra shown in Figure

Lb/L LBB/L LS/L LC/LS kTBB (keV) F5,3() k‘Te (keV)
0.000 0.731 0.125 2.88 0.300 1.78 50.1
0.040 0.773 0.133 2.70 0.304 1.82 48.7
0.080 0.814 0.141 2.55 0.308 1.85 47.4
0.200 0.938 0.165 2.18 0.319 1.91 44.1
0.400 1.14 0.206 1.75 0.335 2.02 39.6
0.800 1.56 0.286 1.26 0.361 2.20 33.5
2.00 2.79 0.528 0.682 0.417 2.66 23.7
4.00 4.86 0.931 0.387 0.478 3.32 16.4
8.00 8.98 1.74 0.207 0.558 4.41 10.5
20.0 21.4 4.16 0.087 0.692 6.56 5.38

brightest X-ray burst luminosities the emission is essentially thermal. This qual-
itatively agrees with the behavior of the persistent emission during X-ray bursts
(e.g. a softening of the accretion spectrum and a reduction of the hard X-ray flux;

Sections and |4.4)).
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6 Future prospects for X-ray burst/accretion interactions studies

Having reviewed the current observational evidence for X-ray burst/accretion flow
interaction and the current theoretical framework for their interpretation, we now
explore the future direction of this emerging research field. The observable phe-
nomena to study the effect of X-ray bursts on accretion flows as discussed in the
present work fall into four categories: i) changes in the persistent flux/spectrum at
energies <30 keV, ii) reduction of the hard (>30 keV) X-ray emission, iii) evolving
reflection features and iv) changes in the rapid time variability. The missions that
have been used most for these particular kind of studies up till now are RXTE, IN-
TEGRAL, Swift, and NuSTAR. However, within the next decade several new tools
are available: The recently (2015) launched mission ASTROSAT (see Section [6.1.1])
has open observing time from 2017 onward, and in 2017 both Insight-HXMT (Sec-
tion and NICER (see Section|6.1.3)) were successfully deployedHIn addition,
the mission concepts eXTP (Section [6.1.4)) and STROBE-X (based on the design
of LOFT; Section are in development.

We here discuss how this new and concept missions can contribute to further
develop studies of the impact of X-ray bursts on accretion flows. Keek et al.| (2016)
present a thorough study of the capabilities of various missions (LOFT and NICER,
as well as Athena and Hitoms) to study reflection features during X-ray bursts (i.e.
category iii listed above). Furthermore, Peille et al.| (2014]) perform simulations
for studying kHz QPOs during X-ray bursts (category iv listed above) with the
LOFT concept, whereas [in 't Zand et al.| (2015) lay out the general importance
of a LOFT-like mission (such as STROBE-X concept) for X-ray burst science. We
briefly summarize the main results here, but do not repeat or expand those stud-
ies. We have rather chosen to put emphasis on instruments that have not gained
a lot of attention from the perspective of X-ray burst studies yet: ASTROSAT,
Insight-HXMT and eXTP. Furthermore, we focus on the interaction categories i
and ii listed above (i.e. studying changes in the persistent emission during X-ray
bursts and in particular the response of the hard X-rays), since these have not
been discussed yet in the context of new X-ray missions. In Table [6] we list the
main characteristics of several new and concept missions in comparison with pre-
vious/current satellites used for studying X-ray burst/accretion flow interactions
(see Section . In Table [7] we summarize the expectations of the new missions
with respect to the different types of interactions that can be studied (as reviewed

in Sections 4| and .

Following the discussion of new X-ray instruments, we also point out how coor-
dinated multi-wavelength observations can yield more insight into the interaction
between X-ray bursts and disks/coronae as well as jets, how analysis techniques
can be further developed, and which specific targets might be most promising for
future studies (Section .

13 We note that further in the future, currently planned for the late 2020s, Athena will be
launched and there are plans for a Hitomi recovery mission (named the X-ray Astronomy
Recovery Mission, XARM). However, as demonstrated by |in 't Zand et al.| (2015)) and Keek
et al.| (2016)), these two missions are not expected to make a particularly large contribution to
X-ray burst studies. Therefore, we do not discuss these missions here any further.
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Table 6 Relevant properties of various missions for X-ray burst studies discussed in this work.

Mission (instrument) energy range (keV) Aogr 7 keV (cm?) Aogr 30 keV (cm?)

RXTE (PCA) 2-60 ~5 000 ~450
INTEGRAL (JEM-X) 3-35 ~200 ~60
(IBIS/ISGRI) 15-10000 - ~800
Swift (XRT) 0.5-10 ~50 -
(BAT) 15-150 - ~2000
NuSTAR (FPMA/B) 3-79 ~900 ~300
ASTROSAT (SXT) 0.3-8 ~50 -
(LAXPC) 3-80 ~5 500 ~5 500
(CZTI) 10-50 - ~400
NICER (XTI) 0.2-10 ~300 -
Insight-HXMT (LE) 1-15 ~200 -
(ME) 5-30 ~200 ~200
(HE) 20-250 - ~4.500
eXTP (SFA) 0.5-20 ~6 000 -
(LAD) 2-30 ~40 000 ~2 000
STROBE-X 0.5-30 ~80 000 ~7000

Note. — Ao gives the approximate maximum effective area (for all detectors combined).
For comparison we also list the characteristic of some recent and current missions that have
been used most to study the impact of X-ray bursts on the accretion flow. We do not list
Chandra and XMM-Newton, but note that the low-energy coverage and good sensitivity of
these instruments combined with the high spectral resolution of their grating instruments
can be valuable tools to study narrow absorption and emission features in the X-ray spectra
of X-ray bursts (see |in 't Zand & Weinberg, [2010, for a discussion; see also Section .

Table 7 Summary of future prospects for X-ray bursts-accretion interaction studies.

Science case ASTROSAT NICER HXMT eXTP STROBE-X
Changing persistent emission + + ~ + +
Hard X-ray deficits + — + + +
Reflection features ~ + ~ + +
Changing kHz QPOs + + + + +

Note. — The different signs indicate the performance of a mission compared to previ-

0

ous/current missions to detect the X-ray burst effects listed in the first column: ‘=’ =
not achievable, '~ = similar, ‘+’ = expected to be better.

6.1 New X-ray missions for X-ray burst studies
6.1.1 Recently launched missions: ASTROSAT

India’s first dedicated astronomy satellite, ASTROSAT (Singh et al., 2014), was
successfully launched on 2015 September 28 and is operating according to expec-
tations. It provides broad-band X-ray coverage via three instruments: the Soft
X-ray Telescope (SXT, 0.3-8 keV; Singh et al.| [2016), the Large Area Xenon Pro-
portional Counters (LAXPC, 3-80 keV; [Yadav et all |2016), and the Cadmium-
Zinc-Telluride Imager (CZTI, 10-150 keV; [Vadawale et al., [2016). In addition, it
carries an X-ray monitor, the Scanning Sky Monitor (SSM, 2-10 keV), and twin
Ultraviolet Imaging Telescopes (UVIT, 130-320 nm; [Subramaniam et al., [2016)
that provide far-UV to optical coverage using different narrow and broad-band
filters.

The technical specifications of the LAXPC are comparable to that of RXTE’s
PCA (see Table @ Indeed, the LAXPCs were designed to allow high-resolution
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X-ray timing as to extend the rich legacy of RXTE. The ASTROSAT /LAXPC may
therefore have similar value for X-ray burst studies as RXTE/PCA. Variations in
the flux or spectral shape of the persistent emission (Sections and and
hard X-ray deficits (Section [4.4)) can thus likely be studied by stacking multiple
X-ray bursts. The much higher effective area of LAXPC above 10 keV compared to
PCA, will be particularly important to study coronae. Furthermore, as discussed
by |Keek et al.|(2016)), reflection features may be detectable with the LAXPC during
very long and energetic X-ray bursts (superbursts and perhaps also intermediate-
duration bursts; Section . Changes in the kHz QPO frequency (Section
can possibly be detected for single X-ray bursts (Table @

Another interesting prospect of ASTROSAT, and advantage over other mis-
sions, is the ability to detect X-ray bursts simultaneous at soft and hard X-rays
with the SXT, LAXPC, and the CZTI. The SXT has similar specifications as
Swift’s XRT (with a nominal timing resolution of 2.5 s; see Table @, and adds
value by allowing the detection of X-ray burst photons below 3 keV (down to 0.3
keV). The CZTI might be regarded as a better version of RXTE’s High Energy
X-ray Timing Experiment (HEXTE) instrument, as it allows for better treatment
of the X-ray background, provides spatial resolution, and is likely better suitable
for timing analysis due to its lower deadtime than HEXTE.

ASTROSAT also allows for simultaneous detection of an X-ray burst with three
different optical and UV filters through the UVIT. X-ray bursts lead to optical/UV
bursts that are likely due to reprocessing of the X-ray burst emission in the accre-
tion flow (e.g. Hackwell et al. [1979; Lawrence et al., [1983; Matsuoka et al., |1984;
Kong et al., |2000; [Hynes et al.| 2006} Mescheryakov et al., [2011)). Simultaneous
measurements of the direct X-ray burst emission and its reprocessed optical/UV
signature could be a powerful tool to understand the accretion geometry and disk
structure (see Section. Furthermore, being able to simultaneously observe an
X-ray burst at X-ray and UV /optical wavelengths provides the exciting prospect
of also studying the direct X-ray burst emission at longer wavelengths, especially
during superexpansion when the peak of the X-ray burst emission completely drops
out of the X-ray band towards longer wavelengths (see Section [4.6)).

The UVOT on board Swift has detected the optical/UV counterparts of a few
intermediate-duration bursts. An example of that is shown in the bottom panel
of Figure [J left, which shows that the brightness in the U filter increased by
> 1 mag from = 17 to 15.7 mag (Vega system, central wavelength ~ 3465 A)
in response to the energetic (superexpansion) X-ray burst from IGR J17062-
6143. Also for another intermediate-duration burst, from 1RXH J173523.7-354013,
Swift /UVOT detected an UV /optical counterpart with the broad-band white filter
(1592-7532 A) that brightened from ~ 21 to 19 mag during the X-ray burst (De-
genaar et al., 2010). ASTROSAT’s UVIT has a larger effective area than Swift’s
UVOT and has the advantage that it can observe in three rather than one opti-
cal/UV filter at the same time. It is therefore expected that ASTROSAT will be
able to detect optical/UV counterparts of X-ray bursts too. The UVIT can reach
a sensitivity of &~ 18.2 mag for a 1 hr integration time, which implies that it will
be of value mostly for long and bright X-ray bursts or relatively nearby sources.
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6.1.2 Recently launched missions: Insight-HXMT

The Hard X-ray Modulation Telescope (Insight-HXMT) is a Chinese astronomical
satellite that was designed to reconstruct images from data obtained in a scanning
mode based on the Direct Demodulation Method (DDM; Li & Wu, [1994). The
DDM technique allows a celestial object to be imaged with a positional precision
of a few arc-minutes. The concept of Insight-HXMT was proposed ~ 20 years ago
and eventually evolved into a mission covering an energy range of 1-250 keV. The
Insight-HXMT was successfully launched in 2017 July. The nominal mission life
time is 4 years.

There are three main payloads on board Insight-HXMT, all of which are slat-
collimated instruments: the High Energy X-ray Telescope (HE), the Medium En-
ergy X-ray Telescope (ME), and the Low Energy X-ray Telescope (LE). The HE
consists of 18 Nal/CsI phoswich modules (main detectors) with a maximum effec-
tive area of 4500 cm? between ~ 20 — 70 keV, and covering a total energy range
of 20-250 keV. The ME uses 1728 Si-PIN detectors that cover an energy range of
5-30 keV and provide a peak effective area of 900 cm? near 10 keV. The LE uses
a swept charge device (SCD) as its detector, which is sensitive in 1-15 keV with
an effective area that peaks at 300 cm? near 5 keV. The time resolution of HE,
ME and LE is designed to be 25 us, 1 ms, and 1 ms, respectively.

Using the DDM and scanning observations, Insight-HXMT can obtain X-ray
images with reasonable (few arcminutes) spatial resolution. The large detection
areas of these telescopes also allow pointed observations with good statistics and
good signal to noise ratio. Among the main scientific objectives of the Insight-
HXMT are to: i) scan the Galactic Plane to find new transient sources and to
monitor the known variable sources, and ii) observe X-ray binaries to study the
dynamics and emission mechanism in strong gravitational or magnetic fields. It is
expected that Insight-HXMT will discover a large number of new transient X-ray
sources and allows for detailed studies of the temporal and spectral properties of
accreting BH and NS LMXBs.

Probing X-ray burst/accretion flow interactions with Insight-HXMT

With the quoted specifications, Insight-HXMT will be a promising new tool to
probe the interaction between an X-ray burst and the surrounding disk/corona.
In particular, Insight-HXMT should allow to obtain a good characterization of the
hard X-ray continuum prior to an X-ray burst and enhance the statistics of hard
X-ray deficits during X-ray bursts. It is therefore expected that this mission will
increase the sample of X-ray bursts/sources that can be used to study the hard X-
ray deficits during X-ray bursts and perhaps even to investigate how the persistent
hard X-ray emission evolves during an X-ray burst (see Section which could
be compared to our basic simulations presented in Section .

Here we take the study of |(Chen et al.| (2012) on IGR J17473-2721 as an ex-
ample to show what can be achieved with Insight-HXMT with respect to RXTE
(PCA). For our simulations we used the most up-to-date predicted Insight-HXMT
response files (released on 2016 May 2). Based on [Chen et al.| (2012), we assumed
an absorbed cutoff power-law spectral shape for the persistent emission. From
RXTE data, the model parameter Fcy; was measured to be 30-50 keV (Chen
et al., 12012), which should represent roughly twice the corona temperature. We
assume that the X-ray burst light curve has a rapid rise and an exponential decay
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Fig. 11 Hard X-ray deficit as expected from one PCU of RXTFE /PCA (top panel), all 5 PCUs
of RXTE/PCA (middle panel) and Insight-HXMT /HE (bottom panel), during a single burst
event from IGR J17473-2721 (based on data reported by |Chen et al., 2012). Count rates refer
to the 30-50 keV band. The averaged effective area of Insight-HXMT /HE and RXTE /PCA
(5 PCUs) are ~ 3500 and 1600 cm?, respectively. After considering the spectral shape, the HE
will receive a factor &~ 2 — 3 more photons than the PCA (not considering background).

and that the corona temperature is anti-correlated with the X-ray burst strength.
We consider a non-PRE burst with a constant emitting radius, a peak temperature
of kT, = 2.5 keV, and a 2-10 keV peak flux of F)Izeak =38x10"8 ergcm 2571,
Finally, in the simulations we used an exposure time of 1 s to produce light curves
at 1-s resolution. These light curves were then rebinned to 16 s to illustrate the
results. We take the template described above to recover the hard X-ray deficit as
observed in IGR J17473-2721.

We next took these simulations as input to investigate how a hard X-ray deficit
can be observed from individual bursts by Insight-HXMT and how this compares to
what was possible with RXTE. The results are shown in Figure We estimated
the significance level of detecting a hard X-ray deficit by calculating the deficit area
and its error within the black dashed lines in Figure We find that a hard X-ray
deficit during a single burst, presumably due to coronal cooling, can be detected at
~ 160 significance with the Insight-HXMT /HE. This is a large improvement with
respect to the previous RXTFE observation that resulted in only marginal evidence
for a hard X-ray deficit (Chen et al., [2012).

It is of note that the persistent 30-50 keV flux of IGR J17473-2721 is very
strong compared to most other bursters. For a weaker corona (i.e. a lower hard
X-ray flux), we would also need to stack bursts with Insight-HXMT to investigate
any possible hard X-ray deficit. This is illustrated in Figure [I2] where we used
Swift/BAT (15-150 keV) count rates as an example to represent the hard X-ray
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Fig. 12 Relation between the significance of a hard X-ray deficit achieved by Insight-HXMT
as a function of hard X-ray flux (represented by the Swift/BAT 15-150 keV count rate), and
the number of bursts that are stacked (a single burst in blue, 3 bursts in red, and 5 bursts in
green). As expected, the significance is positively correlated with the hard X-ray flux and a
higher significance is also achieved as more bursts are stacked.

flux. Obviously, as Figure[I2|shows, a hard X-ray deficit is more clearly detected if
more bursts are stacked or if the persistent hard X-ray emission is more luminous.

6.1.3 Recently launched missions: NICER

The NS Interior Composition ExploreR (NICER) is a scientific payload that was
successfully installed at the International Space Station in 2017 June
let all 2012} |Arzoumanian et al |[2014)). Its prime scientific goal is to achieve pre-
cise (+5%) mass and radius measurements for a few selected NSs from detailed
measurements of X-ray pulsar lightcurves. In addition, the instrument will be used
for a test of space navigation using X-ray pulsars, under the label of Station Ex-
plorer for X-ray Timing and Navigation Technology (SEXTANT;
2015)). The primary mission duration is 18 months, while 6 additional months are
foreseen for a Guest Observer program.

NICER covers the energy range from 0.2-12 keV using concentrator optics (non-
imaging, 5arcmin diameter FOV) and silicon-drift detectors in order to achieve
almost twice the effective area of XMM-Newton around 1.5keV (see figure 2 of
[Arzoumanian et al., [2014) with a similar energy resolution. The mission has very
strict requirements for absolute time-tagging (<300 ns), which also require a built-
in GPS receiver to determine its precise position with respect to the Solar System
barycentre. Overall, NICER is expected to achieve a sensitivity ~ 4x better than
XMM-Newton and =~ 30x better than RXTE below 10 keV.

A key aspect of NICER for burst studies is that it will be especially useful to al-
low for reflection modeling of selected sources with low absorption (see Sections
and , due to the high effective area at soft X-ray energies. The prospects of
using NICER for burst reflection studies were investigated and quantified by
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et al.| (2016)). This shows that even with exposures of a few seconds, clear devia-
tions between simulated reflection spectra and the black-body models commonly
used in X-ray burst analysis can be detected (see for instance figures 3, 4 and 5 in
Keek et al., |2016). Although NICER does not cover hard X-rays, its high sensitiv-
ity at < 10 keV will likely also facilitate detecting changes in the soft persistent
X-ray flux and spectrum during bursts. Furthermore, its high timing resolution
may allow for studying QPOs and how these are affected by the blast of an X-ray
burst (Table , but we do not explore that here.

6.1.4 Mission concepts: eXTP

The enhanced X-ray Timing and Polarization (eXTP) telescope is a next gener-
ation space-born X-ray telescope currently in development jointly in China and
Europe (Zhang et al., [2016). A launch in the early 2020s is currently envisioned.
The exact specifications of the eXTP mission are subject to change, but the design
includes the following detectors: the large area spectroscopic focusing array (SFA),
the large area collimated array detector (LAD), the Polarimetry Focusing array
(PFA), and the Wide Field Monitor (WFM). The SFA and PFA are located at a
central platform, while the LAD is set as two wings at each side of the satellite.
The current baseline is that LAD has a maximum effective area of ~ 3.5 m? near
6 keV and covers a total energy band of 2-30 keV. The SFA works at 0.5-20 keV,
and has 11 individual telescopes that add up to a peak effective area of ~5 000 cm?
at 6 keV. Furthermore, the PFA has an effective area of ~500 cm? at 3 keV and
covers a total energy range of 2-10 keV. Finally, the WFM consists of a few pairs
of coded-mask detectors, each covering a 90 by 90 degrees field of view, and will
be employed to study X-ray variability in an energy range of 2-50 keV.

Probing X-ray bursts with eXTP

Already through its WFM, eXTP will play a major role in X-ray burst studies as
it is expected to collect huge numbers of bursts, including rare phenomena such
as intermediate-duration and superbursts (the WFM of eXTP is similar to that of
the LOFT design, so we refer to|in 't Zand et al., |2015| to illustrate the impact of
this). Furthermore, as shown by |Zhang et al.| (2016)), eXTP will also be a powerful
tool to detect and study QPOs as it provides more than an order of magnitude
improvement in sensitivity over RXTE/PCA. It is therefore expected that eXTP
will also be of value to study possible changes in the QPO frequency or amplitude
in response to X-ray bursts (see Section .

In the scope of the present work, the advantages of using eXTP to investigate
the X-ray burst/accretion flow interaction reside in its unprecedented large effec-
tive area, which is essential for improving the statistics for short bursts. Further-
more, the eXTP/SFA is not very susceptible to pile-up and can therefore observe
very bright sources (a factor 2 10 brighter than the Crab) without any issues.
Therefore, we here explore simulations of how the persistent energy spectrum and
the disk reflection component can be measured during X-ray bursts with eXTP.

When the persistent spectrum is dominated by the corona, as was observed in
GS 1826238, the persistent spectrum is well described by a cutoff power law. As
described in|Ji et al.| (2015), in GS 1826—-238 the noticeable effects of an X-ray burst
on the persistent spectrum are: i) the temperature of the corona drops from = 20
to 13 keV, and ii) the optical depth of the corona changes (see also Section .
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Fig. 13 Simulation of the X-ray burst influence upon the persistent emission as possible with
eXTP (left panel; SFA in red and LAD in black) and RXTE /PCA (right panel). The bottom
panels show the model residuals when the pre-burst spectrum is subtracted from the X-ray
burst spectrum as background. As a template for these simulations we used an X-ray burst
detected from GS 1826-238 . The large residuals seen for the eXTP show that
changes in the persistent spectrum during an X-ray burst can be readily identified.

For our simulations, based on prototype eXTP response files (version 4, released in
2015 October), we assumed a typical non-PRE (i.e. constant emitting area) burst
with a duration of 20 s, a peak temperature of kT, = 2.5 keV, and a 2-10 keV
peak flux of Ff;eak =24 x 1078 erg cm™2 s7!. Furthermore, we take the corona
parameters during the X-ray burst as determined by as input. We
then fit the synthetic data with the pre-burst spectrum for the persistent emission
subtracted. The results are shown in Figure where we compare simulations for
eXTP (left) with simulations for RXTFE (right). From the residuals of the spectral
fits (bottom panels), it is clear that there are significant model deviations in the
simulated eXTP data of an X-ray burst, while these are only marginal in the RXTFE
data. To quantify this; the null hypothesis probability (i.e., probability that the
deviation between data and the model is only due to the statistical errors) for the
fits shown in Figure [13|is ~ 3 x 107° for the eXTP data and ~0.6 for the RXTE
data. Changes in the persistent X-ray spectrum during a single X-ray burst should
thus be significantly detectable with eXTP.

The broad bandpass of 0.5-30 keV, good energy resolution, and large effective
area of eXTP also hold good prospects to detect disk reflection features
‘ We therefore also explore the capabilities of detecting such features
with eXTP during X-ray bursts. There are only a few cases of reflection features
during bursts observed by RXTFE (and Swift), during long bursts of a few sources
(see Section . So far, no disk reflection has been detected during a normal (i.e.
short) X-ray bursts. This is likely due to the poor statistics of the current data
which are limited by the small detection area of the telescopes. This difficulty will
be largely overcome with eXTP. Here we show simulations of how well the disk
reflection during a single burst can be detected by eXTP, and how this compares
to RXTE. As a template, we take the spectrum and the reflection properties as
observed by RXTE for the superburst of 4U 1820-30 (Ballantyne & Strohmayer]
. We then consider an exposure of 2 s and generate a synthetic spectrum. We
fit this synthetic spectrum with a model without a reflection component. As shown
in Figure [I4] the residuals clearly demonstrate the requirement of an additional
emission component in fitting the simulated eXTP data, while this is much less
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Fig. 14 Simulation of detecting disk reflection features during bursts with eXTP (left panel;
SFA in red and LAD in black) and RXTE (right panel) for an exposure time of 2 s. The bottom
panels show the model residuals when reflection is not included in the fits. As a template for
these simulations we used the superburst detected from 4U 1820-30 with RXTFE
|& Strohmayer}, 2004)

clear for RXTE (mainly because the SFA have a better energy resolution, similar
to CCD detectors).

6.1.5 Missions concepts: STROBE-X

The Large Observatory For x-ray Timing (LOFT) was a mission concept proposed
to ESA as M3 and M4 candidate in the framework of the Cosmic Vision 2015-2025
program ([Feroci et al.| [2016)). Although it was highly ranked, it was eventually not
selected. The LOFT Coordination Team decided to concentrate its technical and
programmatic efforts to further consolidate a coordinated European participation
to eXTP (see Section [6.1.4} [Zhang et al., [2016) and not to submit another LOFT
proposal to the ESA M5 call.

The LOFT Consortium also supports the study of the STROBE-X concept,
which demonstrates the feasibility of a LOFT-like mission within the context of
the NASA Probe-class missions, potentially starting their development within the
Decadal Survey 2020 context, for a launch in the late 2020s (Wilson-Hodge et al|
. The STROBE-X concept involves a Large Area Detector (LAD) that consists
of collimated arrays of silicon drift detectors, providing a 1° FOV and sensitivity
in the 2-30 keV range. The peak effective area of 10 m? near 10 keV is > 10 larger
than RXTE/PCA and optimized for fast X-ray timing. The STROBE-X concept
also includes a Wide Field Monitor (WFM); a 2-50 keV coded mask imager that
provides nearly continuous X-ray imaging over a 4 steradian FOV with a sensitivity
220 times larger than that of the RXTE All-Sky Monitor (ASM). The concept has
been enhanced relative to the original LOFT concept by the addition of about 3m?
of X-ray concentrator arrays, similar to those on NICER. This will allow better
studies of soft X-ray continua and soft X-ray spectral lines than other timing
missions.

Owing to the enormous effective area, the LAD holds great prospects for X-ray
burst studies. Based on the original LOFT design, Peille et al.| (2014) illustrated
its value for detecting changes in kHz QPOs during bursts, whereas
demonstrated its great ability for detecting and studying reflection features
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during X-ray bursts. Furthermore, a LOF T-like mission would enable the detection
of hard X-ray deficits during single bursts rather than stacked bursts (in 't Zand
et al., [2015)). The value of a LOFT-like mission for X-ray burst studies in general
is detailed in [in 't Zand et al.| (2015)). In particular, the large sky-coverage of the
WFM would allow the detection of thousands of bursts (including tens of rare
superbursts). Furthermore, the enormous effective area of the LAD would allow
the collection of an unprecedented amount of photons (free from pile-up issues)
for each burst, thereby facilitating studies of all the different burst/accretion flow
interactions reviewed in this work (see Table .

6.2 New observational approaches
6.2.1 Coordinated X-ray/radio observations

Going forward, one of the things worth pursuing is to determine how radio jets
respond to the input of extra photons from X-ray bursts (see Section . In
the scenario that the corona is blown apart by radiation pressure from the X-ray
bursts, the mass supply for the jet would disappear with it. As a result, the jet
should turn off in the radio shortly after the X-ray burst. The time delay for the
start of the radio shut off at different radio frequencies could then be used to map
out the velocity structure of the jet. In the scenario where the disk merely collapses
due to Compton cooling, it seems likely that what happens will vary from source
to source, given that some NS LMXBs show jet quenching in soft states, while
others do not (Migliari et al., [2010)).

Studying the response of the jet to an X-ray burst is a challenging task; multiple
burst need to be stacked and captured simultaneously in the radio and X-ray band,
but these events typically recur on timescales of several hours and are not fully
predictable. The clocked burster GS 1826—238 is an exception; it exhibits very
regular and predictable bursting behavior. This source therefore seems the ideal
target to search for the effect of X-ray bursts on the radio jet. Its X-ray bursts
recur on a timescale of ~ 5 hr, last for &~ 150 s, and can be quite well predicted
within a ~30 min time window. Furthermore, GS 1826—238 is firmly detected in
the radio band, with a flux density of ~ 70 uJy at 8 GHz (van den Eijnden et al.
in prep.). Accumulating 10 bursts (i.e. ~1500 s of burst emission) would require
10 observing blocks of 230 min, i.e. 5 hr of radio observations in total. With such
an exposure time, the VLA can go down to radio flux densities of ~ 5 pJy at 10
GHz, which implies that a 50% reduction in the radio flux during an X-ray burst
could be detected at high (~ 7o) significance.

Looking into the future, the Square Kilometer Array (SKA) will be completed
soon. This will provide highly increased sensitivity in the radio band and the ability
to scan the sky much more rapidly than ever before. Among its many science
objectives, the SKA is going to be of great value for studying jets in LMXBs (e.g.
Fender}, 2004), including burst/jet interaction studies such as outlined above.

6.2.2 Optical searches for X-ray bursts

It has long been known that X-ray bursts produce optical emission through heating
the outer accretion disk and the donor star, which then reprocess the emission
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into the optical band (e.g.|Grindlay et al.| [1978; [Hackwell et al.l [1979; McClintock
et al., [1979; |[Lawrence et al., [1983; [Matsuoka et al., [1984; Kong et al.| | 2000; [Hynes
et al.,|2006; | Mescheryakov et al.;|2011)). Typically, the optical emission brightens by
~ 1 — 2 magnitudes during an X-ray burst. The optical emission may well become
one of our best tools to search for X-ray bursts and develop statistics in the near
future. At the present time, E‘vryscopc{ﬂ has coverage of the entire Southern sky
with two minute cadence. Its sensitivity limit is about my = 18.2 for a one hour
integration, and about 1.8 magnitudes worse for a 2 minute integration (Law et al.|
2015)). Given the relation between the orbital period, X-ray luminosity and optical
brightness (van Paradijs & McClintockl, [1994)), and taking a 10 hour orbital period
as typical, bursters should be detectable to distances of more than 10 kpc except
in highly reddened parts of the Galaxy. Superbursts, in particular, should be easily
identifiable. Such optical systems are relatively inexpensive, and are of interest to
a wide range of projects (planet transits, searches for gravitational wave source
counterparts, etc), so it may be that we soon will have nearly continuous coverage
of nearly the entire sky that will detect X-ray bursts out to quite substantial
distances. For instance, the Large Synoptic Survey Telescope (LSST) is expected
to come online in 2019 and will continuously monitor 20 000 square degrees of the
sky at various observing cadences, hence it will be sensitive to transient events on
timescales ranging from seconds to hours (e.g. Ivezié¢ et al., |2008]). The LSST has
a large FOV of nearly 10 square degrees and will provide color information in 6
bands with a typical sensitivity of ~24.5 mag in 2x15-s long integrations.

6.2.3 Developing analysis techniques

The wide application of the “variable persistent emission’ approach clearly revealed
how a new analysis technique can yield valuable information about the interaction
between X-ray bursts and the accretion flow (see Section . However, an X-
ray burst can have an effect on the disk as well as the corona, and both the
flux and the spectrum of these emission components may change. Therefore, this
simple method does not capture the complexity of the X-ray burst/accretion flow
interaction and more elaborate methods need to be devised. The prospects of new
and concept missions that have good sensitivity at energies >30 keV is key in
the effort to determine the effect of X-ray bursts on the coronal emission (see e.g.
Kajava et al}|2017¢). Even with these new missions, however, it remains a difficult
task to disentangle the X-ray burst flux from the different emission components
of the accretion flow. In particular during soft states there are three emission
components with a more of less similar shape radiating in a similar energy band:
i) the X-ray burst emission itself that approaches a black-body spectral shape
with a temperature of ~1-3 keV, ii) the boundary/spreading layer that has a
Planckian spectral shape with a color temperature of 2.5 keV (Suleimanov &
Poutanen, 2006)), and iii) the accretion disk that emits as a multi-color black body
with a temperature of ~1 keV. There is thus a high level of spectral degeneracy.
A promising avenue to disentangle the X-ray burst and accretion spectrum is to
apply mathematical methods such as the NMF (see Section. Similar techniques
were already successfully applied to break spectral degeneracies in the accretion
emission of Active Galactic Nuclei (AGN) and LMXBs (e.g. Mittaz et al.l [1990}

1 http://evryscope.astro.unc.edu
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Vaughan & Fabian| [2004; [Malzac et al., |2006; [Koljonen et al. 2013} [Parker et al.|
2015)). Three recent studies applied the NMF method to analyze X-ray bursts, find-
ing hints for coronal cooling during a hard state burst (Degenaar et al., [2016al),
and a changing boundary/spreading layer during soft state bursts (Koljonen et al.|
2016; Kajava et al.,|2017a)). These three initial studies demonstrate the applicabil-
ity and potential diagnostic power of this technique to further our understanding
of how bursts affect their immediate environment. It would be worth to apply
NMF-like techniques to more different sources and burst populations. Employing
such techniques more broadly, for instance to series of stacked bursts from the
rich RXTE archive (e.g. from GS 1826-238) or to intermediate-duration bursts,
may prove to be a valuable exercise to disentangle the X-ray burst and accretion
emission, and to map out how the latter is varying.

6.2.4 Promising targets for future studies

The various observational studies reviewed in this work demonstrate the potential
of X-ray bursts as a tool to further our understanding of the accretion flow prop-
erties of NS LMXBs. Below we briefly touch upon specific targets and projects
that may further progress this field of research.

— Bursters with radio counterparts: As discussed in Section [6.2.1] searching for
changes in the radio emission during an X-ray burst can provide interesting
new information about the response of the jet and the corona to a bright soft
X-ray shower. Although GS 1826-238 is by far the best candidate (when it
is in its hard state showing its regular bursting patterrm; see Section ,
there are several other (persistently accreting) bursters with sufficiently bright
radio emission (e.g. GX 1742, GX 13+1, Cyg X-2, Ser X-1, 4U 1820-30, 4U
1728-34) that could serve as targets if a pilot study of GS 1826-238 would turn
out to be successful (see also Figure [4)).

— Bursters with optical counterparts: Many X-ray burst sources have optical coun-
terparts identified. Studying the reprocessed optical emission in tandem with
the X-ray burst emission itself can provide valuable information about the ac-
cretion flow. In particular, monitoring for color variations in the optical while
simultaneously searching for column density changes in the X-ray band could
give important information on the amount and evolution of any accretion disk
material expelled by the X-ray burst. Instruments with multi-wavelength ca-
pabilities such as Swift, but in particular ASTROSAT (as opposed to Swift its
optical/UV data is time-tagged and simultaneously obtained in several filters),
can facilitate such studies (see Section. Due to their long duration, super-
bursts might provide the best conditions for a detailed study; superbursts have
been observed from 15 different LMXBs (in 't Zand} 2017)) and these would
therefore be promising targets for this study. However, superbursts are rare
and the chances of catching one simultaneous at X-ray and optical wavelengths
is not high. Intermediate-duration bursts are less rare than superbursts, and
could potentially also be employed for this study; about two dozen of LMXBs
have shown such long bursts.

15 We note that GS 1826-238 transitioned to a soft X-ray state in 2016, which affected its
regular bursting pattern (Chenevez et al.| 2016). After a few months it returned to the hard
X-ray state that it normally resides in (Chenevez et al., [2016)), but recent reports suggests that
it is again in a (prolonged) soft state (Palmer & Swift/BAT Teaml, [2017).
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— Z-sources: Among the population of NS LMXBs, the sub-group of Z-sources

accrete near the Eddington limit. Two of these persistent Z-sources are X-ray
bursters: Cyg X-2 and GX 1742. These are interesting targets to study if/how
an Eddington accretion flow is affected by the brief energy injection of an X-
ray burst. Of the two, Cyg X-2 is frequently bursting, but its X-ray bursts are
relatively short (tens of seconds long; e.g. [Kuulkers et al.| 1995} [Smale] [1998;
[Titarchuk & Shaposhnikov} [2002). GX 1742 is also a frequent burster and may
be a more suitable target as it also exhibits longer bursts (up to half an hour;
e.g. [Tawara et all |1984a} [Sztajno et all [1986} [Kuulkers et al. (1997, [2002).
Particularly interesting is that the Z-sources also show X-ray flares, which
possibly have a different origin than the X-ray bursts (accretion flow origin
versus thermonuclear burning on the NS surface). It would be interesting to
study the response of the accretion flow to X-ray bursts and flares, to look for
similarities and differences.

Very low M bursters: At the other extreme end, we have a sub-population
of NS LMXBs that accrete (transiently or persistently) at very low rates of
~ 1072 —1072 of the Eddington limit. Historically, several objects were discov-
ered through the detection of their X-ray bursts whereas the accretion emission
could not be detected with older instruments (e.g. [in 't Zand et al.| [1999} |Coc-|
|chi et al.|7 |2001|; |Cornelisse et al.L |2()02[). Therefore, these very low M bursters
are also referred to as “burst only sources”, although with the current gener-
ation of sensitive X-ray instruments their accretion emission is detected and
studied (e.g. in 't Zand et al.,|2005a) 2007, |2008, |2009a; |Del Santo et al., 2007,
2010; [Degenaar et all, [2010], 2017, [Armas Padilla et al.| 2013} [van den Eijnden|
et al., . Nevertheless, their faint accretion emission is almost negligi-
ble compared to the X-ray burst peak emission and hence a clear view of the
X-ray burst can be obtained. Vice versa, studying the X-ray bursts of these
objects can potentially shed more light on the properties of the accretion flow:
are the disks in these very low M bursters truncated and/or are these objects
deprived of a corona? Several (intermediate-duration) bursts from these low
M bursters were detected with BeppoSAX (e.g. lin 't Zand et al., 1999, 2005at
\Cocchi et al., 2001} [Cornelisse et all [2002), RXTE (e.g. Galloway et al., 2008),
INTEGRAL (e.g. (Chelovekov & Grebenev, [2007; [Del Santo et al., 2007
enevez et al) 2008) and Swift (e.g. [Degenaar et al., 2010, 2011} 2013} 2014b;
Bozzo et al., 2015} Keek et al.||2017)). However, a detailed analysis of the X-ray
burst/accretion flow interaction has not yet been performed for these objects
except for two intermediate-duration bursts of one source that shows discrete
spectral features (Degenaar et al., 2013} [Keek et al., 2017} see also Section [4.3).
Unfortunately, due to the low accretion rate, it takes a long time to accumulate
sufficient fuel to ignite an X-ray burst, so many of the low M bursters have
only single burst detections (i.e. stacking studies are not possible).
Intermediate-duration bursts: These bursts that last tens of minutes to hours are
often detected from low M bursters, the X-ray bursts are bright, and are less
rare than superbursts. The intermediate-duration bursts are pure He bursts,
so the ignition happens fast, and the response of the disk and/or corona would
likely be immediate. During the long tails we should be able to see the effect
of the corona and/or accretion disk to settle back again. For instance, if the
X-ray burst decays are not smooth (i.e. deviate from pure power-law like),
there might be this effect. It is therefore certainly worthwhile to take a more
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detailed look at the changing accretion emission during intermediate-duration
bursts.

— Dippers: There are several bursters that are viewed at high inclination and
display X-ray dips (White & Mason, |1985), which are thought to be due to
partial obscuration of the NS (and inner accretion flow) by a thickened region
of the accretion disk (e.g. Diaz Trigo et al., 2006). Examples of bursting X-ray
dippers are EXO 0748-676, MXB 1659-298, AX J1745.6-2901, Swift J1749.4—
2807, GRS 1747-312, GX 1341, 4U 1915-05, 4U 1254-69, 4U 1746-37 (in
NGC 6441), GRS 1747-312 (in Terzan 6), 4U 1323-62 and XTE J1710-281
(see e.g. |Galloway et al.l |2016] for a recent overview). Dipping sources can be
exploited to probe the basic parameters of the corona. For instance, timing
the ingress of dips allows for a direct measurement of the radial extent of the
corona and studying the broad-band spectrum of dippers can accurately con-
strain the high-energy cutoff of the Comptonized emission, hence the electron
temperature of the corona. On occasion, bursts have been detected during dips
(e.g. |Gottwald et al. [1986; Wijnands et al., |2002; Boirin et al., |2007; Hyodo
et al., |2009). An in-depth study of bursts occuring during dips could provide
another interesting avenue to learn more about the accretion flow properties
of NS LMXBs.

7 Summary and conclusions

Ever since the discovery of X-ray bursts in the 1970s, there have been hints that
the intense radiation of thermonuclear flashes impacts the surrounding accretion
flow. However, in the past a5 yr this research has taken a significant leap by
studying these interactions systematically and in the best possible detail, using
good-quality data. In this work we have reviewed the observational evidence for
the effect of X-ray bursts on both the accretion disk and the corona. Particularly
strong observational evidence for such interactions is provided by: i) variations
in the (soft) persistent flux and spectrum during an X-ray burst, ii) a (state-
dependent) reduction of the hard (>30 keV) X-ray flux during burst peaks, iii)
the detection of (evolving) discrete spectral features during very energetic bursts
and iv) changes in kHz QPOs induced by bursts.

These studies are very valuable because X-ray bursts represent short, highly
repeatably instances in which the accretion disk and corona (and perhaps also
the jet) are disrupted and restored. This provides an exciting opportunity to shed
new light on the properties of accretion disks and coronae in NS LMXBs, which
is expected to have strong links to those in stellar-mass and supermassive BHs.
We have attempted to explain some of the observational phenomena in a basic
theoretical framework, although it is clear that the X-ray burst/accretion flow
interactions are complex and much work remains to be done. Indeed, this research
area is only just emerging.

In order to grasp the full complexity of the X-ray burst/accretion flow inter-
action, we need to further develop our analysis techniques. Continued study and
obtaining new, high-quality data are instrumental to achieve this. Fortunately,
there are several recently launched and concept X-ray missions that can be ex-
ploited for the kind of studies reviewed in this work. In particular, the recently
launched Indian satellite ASTROSAT should be able to catch X-ray bursts simulta-
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neously over a broad X-ray energy range as well as in several different optical/UV
filters. Furthermore, the recently installed NASA mission NICER is particularly
well suited to study (evolving) reflection features during bursts. In addition, the
recently launched Chinese mission Insight-HXMT will be a powerful tool to study
hard X-ray deficits during X-ray bursts in greater detail than has been possible so
far. Furthermore, the concept mission eXTP will allow for detailed study of both
burst-disk and burst-corona interactions via the detection of reflection features
and changes in the hard X-ray emission. Finally, similar to eXTP, the design of
STROBE-X is ideally suited to collect a huge number of X-ray bursts and carry
out all the different types of studies reviewed in this work.

We conclude that X-ray bursts are a useful tool to study different aspects of the
accretion flow in NS LMXBs. There is still a large data archive that can be mined
for such studies (e.g. RXTE, INTEGRAL, NuSTAR, Swift), analysis techniques are
evolving, and current and new X-ray missions are expected to provide valuable
data for this type of research. We therefore expect that studying burst/accretion
flow interactions will further advance our understanding of accretion disks and
coronae over the next decade.
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