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Abstract We examine systematically the observed X-ray luminosity jumps (or flares) from quiescent

states in millisecond binary pulsars (MSBPs) and high-mass X-ray binary pulsars (HMXBPs). We rely

on the published X-ray light curves of seven pulsars: four HMXBPs, two MSBPs and the ultraluminous

X-ray pulsar M82 X-2. We discuss the physics of their flaring activities or lack thereof, paying special

attention to their emission properties when they are found on the propeller line, inside the Corbet gap or

near the light-cylinder barrier. We provide guiding principles for future interpretations of faint X-ray ob-

servations, as well as a method of constraining the propeller lines and the dipolar surface magnetic fields

of pulsars using a variety of quiescent states. In the process, we clarify some disturbing inaccuracies that

have made their way into the published literature.

Key words: accretion — accretion disks — pulsars: individual (4U 0115+63, V 0332+53, M82 X-2,

Aquila X-1, SAX J1808.4–3658, AX J0049.4–7323, 1A 0535+262) — stars: magnetic fields — stars:

neutron — X-rays: binaries

1 INTRODUCTION

X-ray observations over the past 25 years have produced

a wealth of information about X-ray binary pulsars, both

those that occur in high-mass X-ray binaries (HMXBPs)

and millisecond binary pulsars (MSBPs) (for reviews,

see Phinney & Kulkarni 1994; Lorimer 2008; Reig 2011;

Papitto et al. 2014; Campana & Di Salvo 2018). But the-

ory has not made analogous progress, mainly because of

the many complexities involved in the accretion process.

To date, observers have tried to make sense of their re-

sults by using the fundamental results of Ghosh & Lamb

(Ghosh et al. 1977; Ghosh & Lamb 1979), but determi-

nations of magnetospheric radii, pulsar magnetic fields

and disk accretion torques are still highly uncertain to

say the least (Wang 1987, 1995, 1996; Chakrabarty et al.

1997; Bildsten et al. 1997; Frank et al. 2002). In this pa-

per, we describe how a pulsar magnetosphere is expected

to evolve in X-ray binaries when they are found in low-

power and quiescent states (Papitto & Torres 2015), with-

out using the above uncertain quantities for guidance.

The only exception is the surface magnetic field B in

cases in which it is known from detections of multiple

resonant scattering features (cyclotron absorption lines)

in the X-ray spectra.

We interpret the X-ray light curves of HMXBPs

and MSBPs in a consistent manner by determining the

threshold luminosities of low-power states exclusively

from the observations. Three such thresholds exist: the

propeller line (Illarionov & Sunyaev 1975; Stella et al.
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1986; Christodoulou et al. 2016) that is relevant for all

accreting binaries; the lower boundary of the Corbet

(1996) gap that is relevant for all HMXBs and for MSBPs

with weak surface magnetic fields; and the light-cylinder

barrier (Campana et al. 1998) that is relevant only for

MSBPs with strong magnetic fields (say, B ∼ 108 G).

The applicable thresholds for each pulsar class are illus-

trated in Figure 1.

These three states can be discerned from observa-

tions because the pulsars should exhibit different behav-

iors: On the propeller line, the pulsars are expected to

show intense variability only if B is strong enough (say,

B ∼ 1 TG) to push against the inflowing disk matter. On

the lower boundary of the Corbet gap, the pulsars are ex-

pected to undergo recurrent flares that should appear as

minor luminosity bursts that may or may not reach the

propeller line, depending on changes in the inflow rate

of the disk matter. No such eruptions are expected from

the quiescent state at the light cylinder. The reason is that

MSBPs whose magnetospheres have expanded out to the

light cylinder possess sufficiently strong magnetic fields

that cannot be pushed around by the inflowing disk mat-

ter for as long as the mass flow rate remains small.

At this point, we must clarify the terminology and

definitions that we use for the various emission states and

thresholds in order to avoid confusion with the many dis-

parate terms used in the literature (references are given

in the following paragraph): (a) The propeller line is not

a “propeller state” and it does not belong to the so-called

“propeller regime;” it is the state of minimum accretion

that occurs when the inner edge of the disk corotates

with the magnetospheric boundary. (b) All states with X-

ray luminosities lower than that of the propeller line are

“non-accreting propeller states” and they belong to the

“propeller regime.” However, they come in two varieties,

those states in which flaring activities place them inside

the Corbet gap and the states with even lower luminosi-

ties that fall well below the bottom of the gap and occur

only in MSBPs with strong magnetic fields. (c) Because

of this distinction between non-accreting states, we avoid

using the imprecise terms in quotation marks above and

we refer instead to the specific thresholds on or near

which the various states occur.

We use as examples the published X-ray light curves

of seven pulsars:

(a) Four HMXBPs, 4U 0115+63 (Tsygankov et al.

2016a; Wijnands & Degenaar 2016; Rouco Escorial

et al. 2017), V 0332+53 (Tsygankov et al. 2016a;

Wijnands & Degenaar 2016; Vybornov et al.

2018), AX J0049.4–7323 (Ducci et al. 2018) and

1A 0535+262 (Doroshenko et al. 2014);

(b) two MSBPs, Aquila X-1 (Campana et al. 1998;

Ootes et al. 2018) and SAX J1808.4–3658 (Campana

et al. 2008; Sanna et al. 2017);

(c) and the ultraluminous X-ray (ULX) pulsar M82 X-

2 (Bachetti et al. 2014; Tsygankov et al. 2016b;

Brightman et al. 2016; Dall’Osso et al. 2016).

Our results can guide searches for propeller-line

emission and for fainter states in X-ray pulsars with vary-

ing spin periods (∼ 1 ms − 1 ks) (Christodoulou et al.

2016, 2017b) as well as in neutron-star ULX sources

(Earnshaw et al. 2018).

In Section 2, we provide the theoretical framework

for understanding faint X-ray emission from MSBPs and

HMXBPs. In Section 3, we interpret the flaring activi-

ties of the seven pulsars in our sample when they oc-

cupy low-power or quiescent states and, where possible,

we calculate their B values. Some of the magnetic fields

have been previously determined from observed resonant

scattering features in the spectra, and then a direct com-

parison can readily be made. In Section 4, we summarize

our conclusions.

2 THEORETICAL CONSIDERATIONS

For faint HMXBPs (Fig. 1a), two luminosity thresh-

olds are important: the propeller-line luminosity Lprop

(Illarionov & Sunyaev 1975; Stella et al. 1986) at the

state of minimum accretion and the gap luminosity Lgap

(Corbet 1996; Campana 1997) for magnetospheric emis-

sion from the bottom of the Corbet gap. For faint MSBPs

with strong magnetic fields (Fig. 1b), a third threshold

may also become important, the luminosity for weak

magnetospheric emission Llc from the radius of the light

cylinder (Campana et al. 1995). All three luminosity

thresholds have been briefly summarized by Campana

et al. (1998). Here we define these quantities using the

customary cgs units and canonical pulsar parameters

(mass M = 1.4 M⊙ and radius R = 10 km).

The state of minimum accretion (the propeller line)

occurs when the magnetospheric radius has expanded out

to the corotation radius

Rco = 1.68 × 108
(PS

1 s

)2/3

cm , (1)

where PS is the spin period of the pulsar. The radius of

the light cylinder is given by

Rlc ≡
c PS

2π
= 4.77 × 109

(PS

1 s

)

cm , (2)
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Fig. 1 Relevant X-ray luminosity thresholds versus spin period for HMXBPs and for MSBPs. The propeller lines are drawn for the

given magnetic-field values. The area of the Corbet gap is denoted by CG, the bottom of the gap by BCG and the light-cylinder

threshold by LC (the latter is relevant only for MSBPs with strong magnetic fields). The slopes of the lines, from top to bottom, are

−7/3 (Eq. (3)), −3 (Eq. (6)) and −9/2 (Eq. (7)).

where c is the speed of light. The ratio Rlc/Rco = 28.4

for PS = 1 s, but it decreases to just 2.84 for PS = 1 ms.

Furthermore, for all MSBPs of interest, the light cylin-

der always lies outside corotation: the requirement that

Rlc ≤ Rco is satisfied only for spin periods of PS ≤

43 µs. On the other hand, the bottom of the Corbet gap

is also characterized by an effective radius which lies be-

tween the other two radii for all cases of interest.

An estimate of the propeller-line luminosity was

given by Stella et al. (1986) who assumed that the mag-

netospheric radius coincides with the corotation radius at

the state of minimum accretion, viz.

Lprop = 2.0 × 1037
( B

1 TG

)2(PS

1 s

)−7/3

erg s−1 , (3)

where B is the dipolar surface magnetic field defined by

the equation

µ ≡ BR3 , (4)

and µ is the magnetic moment of the dipole. The bottom

of the Corbet (1996) gap lies below Lprop by a factor of

1/Γ, where

Γ = 168
(PS

1 s

)2/3

, (5)

that is Lgap = Lprop/Γ or, equivalently,

Lgap = 1.2 × 1035
( B

1 TG

)2(PS

1 s

)−3

erg s−1 . (6)

Finally, an approximation for the magnetospheric lu-

minosity at the light-cylinder radius was obtained by

Campana et al. (1998) who estimated the mass inflow

rate at that radius, viz.

Llc = 6.3 × 1028
( B

1 TG

)2(PS

1 s

)−9/2

erg s−1 . (7)

The requirement that Lgap ≤ Llc is satisfied only for

spin periods of PS ≤ 65 µs, whereas Lgap ≥ Lprop is

satisfied only for PS ≤ 465 µs. These nonrestrictive con-

ditions lead to a systematic order of the X-ray luminosity

thresholds, viz.

Llc < Lgap < Lprop ,

for all pulsars with spin periods PS > 465 µs.

Analogous to Γ, we also define the ratio ∆ ≡

Lgap/Llc, viz.

∆ = 1.90 × 106
(PS

1 s

)3/2

. (8)

For the entire range of spin periods 1 ms–1 ks, ∆ ≫ Γ,

thus the bottom of the Corbet gap always lies a lot closer

to the propeller-line luminosity than the light-cylinder lu-

minosity.

For HMXBPs, the light cylinder does not provide

a level of quiescent magnetospheric emission because

Rlc ≫ Rco, but the bottom of the Corbet gap does

just that. Observations of this quiescent state (Lgap) pro-

vide an unambiguous determination of the surface mag-

netic fields using Equation (6). For MSBPs with rela-

tively strong magnetic fields (B ∼ 108 G), magneto-

spheric pressure is sufficiently strong and it can push out
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and reach Rlc, in which case observations of this quies-

cent state (Llc) provide an unambiguous determination of

their surface magnetic fields using Equation (7). We pro-

vide observed examples of both types of quiescent states

in Section 3 below.

3 X-RAY LIGHT CURVES OF SELECTED

PULSARS

In what follows, we meta-analyze the published light

curves of the seven pulsars listed in Section 1. Also,

where possible, we calculate their surface magnetic fields

using the identified quiescent states and we compare

the results to previously published determinations. All

observed and calculated quantities are summarized in

Table 1.

3.1 Guiding Principles

Our analysis relies on the following guiding principles

(see also Fig. 1):

(a) Inside the Corbet gap.—X-ray emission can occur

from the upper half and from the lower half of

the Corbet gap, but the emission mechanisms dif-

fer. Nevertheless, the gap is expected to be washed

out considerably in all X-ray sources (a fact known

to Corbet 1996, but not to many others who treated

it as an absolute gap; see, e.g., Sections 3.2 and 3.3

below):

(i) In the upper half, the pulsar has crossed be-

low the propeller line but it continues to accrete

weakly because the magnetic field lines behind

the centrifugal barrier are still loaded with mat-

ter that descends toward the pulsar and some mi-

nor leakage may still occur at higher latitudes

(Spruit & Taam 1993; Doroshenko et al. 2014).

This view is also supported by the results of

Christodoulou et al. (2016) that clearly show 10

Magellanic Be/X-ray pulsars emitting just below

the propeller line in faint states where no pulsa-

tions have ever been measured and the spectra

are always soft. Consequently, the propeller line

cannot be identified unambiguously in observa-

tions of individual pulsars by any abrupt drops

in X-ray flux, as has been attempted in the past.

(ii) In the lower half, X-ray emission can be detected

as a result of flaring that originates from the bot-

tom of the Corbet gap. As we detail below, some

flares are strong enough to reach up into the up-

per half of the gap and, upon recurrence of ac-

cretion, to the propeller line.

(b) Quiescent HMXBPs.—HMXBPs with relatively

strong magnetic fields (say, B ∼ 1 TG) in quies-

cence at the bottom of the Corbet gap can be reac-

tivated by the inward push of inflowing matter that

momentarily pushes the magnetosphere back toward

corotation. This produces flaring activity that ex-

hibits luminosity jumps falling well within the gap.

As a result, the bottom of the gap can be identified

by observations and then the propeller line can be

determined from Lprop = ΓLgap. No knowledge of

the magnetic field is required in this procedure. In the

past, the opposite procedure has been attempted and

it has produced erroneous results because the pro-

peller line was empirically chosen to be much lower

than where it really lies (Sections 3.2 and 3.3 be-

low). On the other hand, HMXBPs with weak mag-

netic fields are not expected to reach the bottom of

the Corbet gap, so any flares, if they happen at all,

should occur near/above the propeller line.

(c) High State of Quiescent MSBPs.—MSBPs with rel-

atively weak magnetic fields (say, B <
∼ 107 G) will

also reside at the bottom of the Corbet gap in qui-

escence. They are also subject to flaring activity (the

magnetosphere gets pushed around by changes in the

inflow rate), and their propeller lines can also be de-

termined from Lprop = ΓLgap with no input from

the magnetic field.

(d) Low State of Quiescent MSBPs.—MSBPs with rel-

atively strong magnetic fields (say, B >
∼ 108 G)

will not reside at the bottom of the Corbet gap in

quiescence. Instead, their magnetospheres are suffi-

ciently strong to push out to the radius of the light

cylinder, where no push back can be expected from

the minor accumulation of matter, so no flaring ac-

tivity is expected to develop. In this case, the two

higher luminosity thresholds can be determined from

Lgap = ∆Llc and Lprop = Γ∆Llc.

In the above cases where either Lgap or Llc can un-

ambiguously be identified as the lowest quiescent state,

the dipolar surface magnetic field can readily be deter-

mined from Equation (6) or Equation (7), respectively

(see Table 1).

3.2 4U 0115+63

Following a giant type II outburst in 2015, the source

luminosity decreased to quiescent levels where it did
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Table 1 HMXBPs and MSBPs: X-ray Observations and Calculated Results

No. Pulsar PS Llc Lgap Lprop B

ID (s) (erg s−1) (erg s−1) (erg s−1) (G)

HMXBPs

1 4U 0115+63 3.61 4.5× 1033
−→ 1.8× 1036

−→ 1.3× 1012

2 V 0332+53 4.376 1.5× 1034
−→ 6.7× 1036

−→ 3.2× 1012

3 AX J0049.4–7323 750 2.5× 1027
←− 3.5× 1031

←− 3.0× 1012

4 1A 0535+262 103.3 2.7× 1030
←− 1.0× 1034

←− 5.0× 1012

MSBPs

5 Aquila X-1 1.8× 10−3 1.0× 1033
−→ 1.5× 1035

−→ 3.6× 1035
−→ 8.4× 107

6 SAX J1808.4–3658 2.5× 10−3 8.4× 1029
←− 2.0× 1032

−→ 6.0× 1032
−→ 5.0× 106

ULX Pulsar

7 M82 X-2 1.37 7.7× 1033
←− 1.6× 1036

−→ 4.1× 1011

Notes: Arrows show the flow of the calculations and, in all cases, they point to calculated quantities. For M82 X-2, anisotropic

X-ray luminosities are listed, reduced by a beaming factor of b = 111 (Christodoulou et al. 2017a).

not remain flat (Tsygankov et al. 2016a; Wijnands &

Degenaar 2016; Rouco Escorial et al. 2017). Several mi-

nor outbursts occurred aperiodically and a few stronger

outbursts were detected as the source was crossing pe-

riastron; they were all interpreted as metastable states

of magnetospheric emission from inside the Corbet gap.

Tsygankov et al. (2016a) used an abrupt drop in the

0.5–10 keV luminosity to identify empirically the pro-

peller line at 7 × 1035 erg s−1. Their identification can

be shown to be incorrect: for PS = 3.61 s, Equations (5)

and (3) produce the wrong values of the gap threshold

(1.8 × 1033 erg s−1, lower than the observed value of

Lgap ≈ (4 − 5) × 1033 erg s−1) and the magnetic field

(0.8 TG), respectively. The magnetic field is known from

the presence of 11.5 keV and 23 keV cyclotron lines in

the spectrum (White et al. 1983). Using Ecyc = 11.5 keV

as the fundamental energy (n = 1) and the canonical

value of the gravitational redshift zg = 0.306, we find

from the equation

B =
1 + zg

n

( Ecyc

11.57 keV

)

(9)

that B = 1.3 TG.

From the observations of Tsygankov et al. (2016a),

we adopt Lgap = 4.5 × 1033 erg s−1, in which case we

find that Lprop = 1.8× 1036 erg s−1 and B = 1.3 TG, in

agreement with the value from Equation (9). This value

of Lprop shows that the source had crossed below the

propeller line while still radiating for a few more days

before it dropped abruptly to the lower boundary of the

Corbet gap.

3.3 V 0332+53

Following its own giant type II outburst in 2015,

the source luminosity decreased to quiescent levels

where it showed very similar evolution as 4U 0115+63

(Tsygankov et al. 2016a; Wijnands & Degenaar 2016;

Vybornov et al. 2018). Tsygankov et al. (2016a) used

an abrupt drop in the 0.5–10 keV luminosity to iden-

tify empirically the propeller line at 1 × 1036 erg s−1.

Their identification is likely incorrect: for PS = 4.376 s,

Equation (3) produces the wrong value of the magnetic

field (1.25 TG). The magnetic field is believed to be

known from the presence of a single 28.5 keV cyclotron

line in the spectrum (Makishima et al. 1990; Vybornov

et al. 2018). Using Ecyc = 28.5 keV as the fundamental

energy (n = 1) and zg = 0.306 in Equation (9), we find

that B = 3.2 TG.

The luminosities in the lower gap are flaring even

when the source is not near periastron but still shows dis-

tinct bursts into the Corbet gap (Tsygankov et al. 2016a;

Wijnands & Degenaar 2016). This makes it hard to de-

termine the level of Lgap. We adopt a value of Lgap =

1.5 × 1034 erg s−1 which lies near the top of the flares.

This may seem a factor of ∼4 higher than the average

value of the flares, but it is necessary in order to repro-

duce the correct value of the magnetic field. In this case,

we find that Lprop = 6.7×1036 erg s−1 and B = 3.2 TG.

We note here an alternative possibility that uses

the observed average of the gap luminosities Lgap,2 =

4 × 1033 erg s−1. Then we find that Lprop,2 = 1.8 ×

1036 erg s−1 and B2 = 1.7 TG. These values are close

to the determinations of Tsygankov et al. (2016a) and

they could be correct if the observed cyclotron line is not

the fundamental but the first harmonic. Using n = 2,

Ecyc = 28.5 keV and zg = 0.306 in Equation (9), we

then find that B = 1.6 TG. In such case, V 0332+53

would not only have a similar light curve as 4U 0115+63,

but the two sources would also have comparable mag-

netic fields, thus they would be twins.
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Irrespective of which of the above two scenarios is

correct, the light curve shows that the source was radi-

ating for a few more days after it had crossed below the

propeller line. This is seen most clearly in figure 2 of

Tsygankov et al. (2016a).

3.4 AX J0049.4–7323

This 750 s pulsar in the Large Magellanic Cloud has

shown intense variability over a period of 17 years and

it was monitored by virtually all X-ray telescopes (Ducci

et al. 2018). Its 0.3–8 keV X-ray luminosity has varied

from 1.6 × 1037 erg s−1 down to 8.0 × 1033 erg s−1.

It is included in our sample as a typical example of a

very long period HMXBP for which the three luminosity

thresholds cannot be mapped out with current capabili-

ties, even though the pulsar may have a strong magnetic

field. Ducci et al. (2018) estimated that B = 3 TG. For

this value and for PS = 750 s, we find from Equation (3)

that Lprop = 3.5 × 1031 erg s−1 and Lgap = 2.5 ×

1027 erg s−1.

Therefore, the intense variability seen over the past

17 years occurs well above the propeller line by factors

of 230 or higher. The minor outbursts seen in this case

can be easily distinguished from the flaring activities of

shorter-period pulsars which occur at the bottom of the

Corber gap: these minor bursts do not originate from a lu-

minosity plateau that would effectively define Lprop for

AX J0049.4–7323.

3.5 1A 0535+262

The spectrum of this PS = 103.3 s pulsar exhibits a

cyclotron line at Ecyc = 46 keV and its first harmonic

near ∼ 100 keV, so its magnetic field is estimated to be

B = 5 TG (Naik et al. 2008; Caballero et al. 2013).

Using these values in Equation (3) and Equation (6), we

find that

Lprop = 1.0 × 1034 erg s−1 ,

and that Lgap = 2.7 × 1030 erg s−1. Thus, the source

cannot be observed at the bottom of the Corbet gap and

its flaring activity reported by Doroshenko et al. (2014)

occurs near/above the propeller line (not inside the gap,

as these authors speculated): Doroshenko et al. (2014)

observed a low-level outburst reaching a 0.2–4 keV lumi-

nosity of 1.3×1034 erg s−1 and another Suzaku detection

reported a 0.2–12 keV flux that was 6 times higher (Naik

et al. 2008).

Thus, this source has exhibited normal variability

above the propeller line and there is no mystery about

how it could continue to accrete (cf., Doroshenko et al.

2014). It is also understood why all of the above obser-

vations of these faint states managed to measure highly

significant pulsations for this source. The results of

Christodoulou et al. (2016) on Magellanic pulsars show

that highly significant pulsations were measured in about

half of the sources that were found to reside on the lowest

Magellanic propeller line.

The variability observed in 1A 0535+262 is quite

interesting and other long-period HMXBPs (say, PS =

40 − 200 s) with strong magnetic fields should exhibit

such generic behavior.1 Conversely, detection of flares

in long-period pulsars should indicate that (a) they oc-

cur above the propeller line, and (b) the sources pos-

sess strong surface magnetic fields. This is because such

sources can be detected only above Lprop, where there is

a continual tug of war by the inflowing matter trying to

push back the strong pulsar magnetosphere.

3.6 Aquila X-1

This source is a prime example of an MSBP (PS =

1.8 ms) with strong magnetic field that exhibits all three

important X-ray luminosity thresholds (Sect. 2) during

its low-power evolution and subsequent progress toward

quiescence (fig. 1a in Campana et al. 1998; Ootes et al.

2018).

After its 1997 outburst, Aquila X-1 evolved toward

quiescence within 30 days past its maximum luminos-

ity (Campana et al. 1998). In the process, it crossed the

propeller line Lprop, dropped down to the bottom of the

Corbet gap Lgap and continued on to quiescence which

occurred at the luminosity of the light-cylinder barrier

Llc. The drop from the propeller line to the light-cylinder

barrier took less than 10 days. In the light-cylinder state,

the source showed no sign of flaring for at least the next

20 days. This is understood to be a consequence of its

strong magnetic field. Matter pile-up on to the magneto-

sphere is minimal and incapable of pushing back against

the strong magnetospheric pressure.

We ascertained from figure 1a of Campana et al.

(1998) that

Llc = 1 × 1033 erg s−1

1 Indeed, the recent investigation of faint states in EXO 2030+375

(Fürst et al. 2017) shows that the lowest luminosity was detected by

Swift (Lmin = 1.0 × 1034 erg s−1) and that the X-ray spectrum be-

came much softer at that faint level. For this 42 s pulsar, B = 1.24 TG

has been obtained from a sequence of cyclotron lines with fundamental

Ecyc(n = 1) ≈ 11 keV. These values imply that Lprop = 5.0 ×
1033 erg s−1, just below Lmin. As in 1A 0535+262 and AX J0049.4–

7323, the observed variability occurs above the propeller line and it is

a generic feature.
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in the 1.5–10 keV BeppoSAX/MECS band. For PS =

1.8 ms, Equations (8) and (5) give ∆ = 145 and Γ = 2.5,

respectively, implying that Lgap = 1.45 × 1035 erg s−1

and Lprop = 3.62×1035 erg s−1, respectively. These val-

ues are lower than those determined by Campana et al.

(1998) by a factor of 4, yet they fit the observed light

curve well. They rely on the above identification of Llc;

no other threshold from Campana et al. (1998) could be

used because then the faintest observations would fall be-

low the light-cylinder barrier (as is actually seen in fig. 1a

of the original paper).

Any of the threshold luminosities can be used to

estimate the surface magnetic field. We find that B =

8.4×107 G. If however one allows for the faintest obser-

vations to fall below the light-cylinder threshold (as in

Campana et al. 1998), then B turns out to be larger by a

factor of 2. Such a strong magnetic field appears to be re-

sponsible for the different evolutions of Aquila X-1 and

SAX J1808.4–3658 (see below). The determined value

falls at the bottom of the range of B values identified for

Aquila X-1 by analyzing quasi-periodic oscillations as-

sumed to originate at the inner edge of a Keplerian disk

(but the assumption that the accretion disk is Keplerian

is questionable all by itself).

3.7 SAX J1808.4–3658

This accreting millisecond pulsar (PS = 2.5 ms) was

monitored by Swift/XRT (0.3–10 keV) during its 2005

outburst (Campana et al. 2008) and during its 2015 out-

burst (Sanna et al. 2017). Similar results were also re-

ported by Hartman et al. (2008) and Patruno et al. (2009).

Furthermore, many uncertain estimates of the magnetic

field exist in the wide range of 0.4-6 × 108 G. Campana

et al. (2008) supported one of the lower values, viz.

B = 7 × 107 G.

All observational campaigns revealed intense flar-

ing activities after the spectacular outbursts had sub-

sided. Some of the flares are quite strong and can be at-

tributed to periastron passages, but other minor bursts are

also present and quite frequent. This led Campana et al.

(2008) to define two quiescent states past outburst: state

A with an average luminosity of 5 × 1032 erg s−1 and

state B with an average luminosity of 2 × 1032 erg s−1.

These two neighboring states are also visible in the

Sanna et al. (2017) data, so they seem to be a generic

feature at the faint end of the post-outburst evolution.

Furthermore, unlike Aquila X-1, this source showed no

sign of descending to the light-cylinder luminosity for

which Equation (8) predicts a value smaller than the

faintest observations (state B) by a factor of ∼240.

For this 2.5 ms pulsar, Equation (5) shows that

Lprop = 3Lgap only, so an immediate interpretation of

the two nearby states is that state A is the propeller line

and state B occurs at the bottom of the Corbet gap. For

Lgap = 2 × 1032 erg s−1, Equation (6) gives

B = 5 × 106 G in state B ,

and a similar value is obtained for state A.

This value of B is an order of magnitude lower than

the value in Campana et al. (2008), but it is not unreason-

able given the host of uncertainties surrounding previous

determinations. The low value of B = 5 × 106 G is sup-

ported by the fact that the source makes no attempt to

expand toward the light cylinder: in MSBPs, accretion

and pile-up of matter on to the magnetosphere at the bot-

tom of the gap are weak and a strong magnetic field (e.g.,

the above-mentioned B = 7 × 107 G) should have been

capable of pushing out all the way to the light-cylinder

barrier, just as in the case of Aquila X-1. There is no sign

of such evolution from state B in SAX J1808.4–3658, so

its magnetic field is expected to be weak and certainly

not as high as ∼ 108 G.

3.8 M82 X-2

After NuSTAR discovered pulsations from this ULX

source (Bachetti et al. 2014), multiyear Chandra (0.5–

10 keV) archival data were analyzed (Tsygankov et al.

2016b; Brightman et al. 2016) in order to determine the

long-term evolution of this 1.37 s ULX pulsar. The obser-

vations showed that the source has repeatedly bounced

between its bright ultraluminous state with an isotropic

luminosity of Lmax = 2 × 1040 erg s−1 and a low

state with an isotropic luminosity of Lmin = 1.7 ×

1038 erg s−1, comparable to the Eddington limit

LEdd = 1.77 × 1038 erg s−1 .

Furthermore, Dall’Osso et al. (2016) obtained Lmin as

an upper limit of a null detection when the source was

in deep quiescence. This extremely high value of Lmin

was interpreted by Tsygankov et al. (2016b) as the lu-

minosity at the bottom of the Corbet gap and it pro-

duced what we believe is an unphysical value of the

magnetic field (∼ 1014 G; Eq. (6)). The assumption that

Lmin = Lgap also implies an absurd propeller-line value

of 3.5×1040 erg s−1 > Lmax, which this pulsar has never

attained in 17 years of monitoring.
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We include this ULX pulsar in our sample in order

to demonstrate that it is not unusual in its low state; in

fact it does not appear to be unusual in any state when

emission is assumed to be anisotropic. Our interpretation

of the bimodal evolution of M82 X-2 is that the source

bounces between its high state during outbursts and the

propeller line, thus we believe that it has never been de-

tected inside the Corbet gap (Christodoulou et al. 2017a).

Furthermore, we believe that its emission is beamed to-

ward the observer. The beaming factor was determined

to be b = Lmax/LEdd = 111 assuming that the true

anisotropic luminosity during outbursts cannot exceed

LEdd. This assumption leads to a beamed propeller-line

luminosity of Lprop = Lmin/b = 1.6 × 1036 erg s−1

and a modest value of the surface magnetic field (B =

0.41 TG). The other known ULX pretenders harboring

neutron stars also have comparable values of B, which

explains why they have never been observed below an

isotropic luminosity of 5 × 1037 erg s−1 (Christodoulou

et al. 2017a).

For PS = 1.37 s in M82 X-2, then Γ = 207 and

using the above anisotropic value of Lprop, we find that

Lgap = 7.7 × 1033 erg s−1 for the bottom of the Corbet

gap and

b Lgap = 8.5 × 1035 erg s−1

for the corresponding apparent isotropic gap luminos-

ity. M82 X-2 has never been observed emitting at such

an extremely low level. Furthermore, its jump factor of

J = 2 is above the lowest known Magellanic propeller

line (Christodoulou et al. 2018). This value is completely

independent of whether the source is beaming and it

provides an indication as to the strength of B irrespec-

tive of the accretion regime. Such a small J-value im-

plies that the low state of the pulsar lies slightly above

the lowest Magellanic propeller line, which is character-

ized by a modest value of B = 0.29 TG (Christodoulou

et al. 2016); therefore, it supports the determined value of

B = 0.41 TG and the assumption of beamed emission.

Thus, it appears that M82 X-2 can barely descend to

its propeller line and this can be explained naturally as

the result of its relatively weak (sub-teragauss) magnetic

field. It is extremely unlikely that such a weak magnetic

field can overcome the ram pressure of the infalling gas

and push the magnetospheric radius beyond corotation.

It is also unlikely that the source can produce minor flar-

ing activity just above the propeller line. Indeed, no such

flares have been observed from M82 X-2. This not only

argues in favor of a weak magnetic field—it also argues

against identifying the low state with the bottom of the

Corbet gap: as we have seen in Sections 3.2 and 3.3, flar-

ing activities from the gap luminosities are quite common

in HMXBPs with magnetic fields of 1.3 TG or higher.

4 SUMMARY AND CONCLUSIONS

Using the guiding principles of quiescent emission from

HMXBPs and MSBPs that we laid out in Sections 2

and 3.1, we revisited the light curves of a sample of

seven pulsars (Table 1) in the subsections of Section 3.

A unifying theme of our analysis is that the mass in-

flow rate Ṁ alone does not drive the evolution of X-ray

binary pulsars in their faint and low-power states, as is

commonly believed, because of the powerful influence

of the inflowing accretion disk during outbursts. Instead,

the magnetic field of the pulsar also determines to a large

extent the evolution in and near low-power and quies-

cent states. (But these are the states in which Ṁ is es-

pecially weak, so it could not possibly control the evo-

lution of the pulsar all by itself.) For example, a strong

magnetic field can push out to the location of the light

cylinder in MSBPs, whereas a strong magnetic field can

barely push out to the bottom of the Corbet (1996) gap in

HMXBPs because the light cylinder is too far out in the

disk and cannot be reached. On the other hand, a weak

magnetic field can only push out to the bottom of the

Corbet gap in MSBPs, whereas a weak magnetic field

can barely push out to the propeller line in HMXBPs (the

various luminosity thresholds are shown schematically

in Fig. 1). MSBPs are the key to understanding binary

pulsar evolution because those MSBPs with weak mag-

netic fields (B ≪ 108 G) should behave like HMXBPs

with B ∼ 1 TG, with their magnetospheres pushing out

barely to the bottom of the Corbet gap. Thus, two diamet-

rically opposite magnetospheric scales drive evolution to

the same faint luminosity threshold, the bottom of the

Corbet (1996) gap.

A strong magnetic field is expected to result in flar-

ing activity originating from the bottom of the Corbet

gap and from the propeller line, but not from the light

cylinder in MSBPs where mass inflow is especially weak

and cannot compete against the strong magnetospheric

pressure. In HMXBPs, an absence of flares (a flat qui-

escent state) indicates that the underlying pulsars reside

on the propeller line and have weak magnetic fields that

are unable to play a tug of war against inflowing mat-

ter from the accretion disk (e.g., M82 X-2). We also

find that ULX neutron-star sources such as M82 X-

2 are true pretenders, exhibiting apparently enormous

isotropic fluxes but appearing as mediocre emitters with
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weak magnetic fields when their emissions are assumed

to be beamed toward the direction of the observer (see

also Christodoulou et al. 2017a). Such mediocre emitters

with B ≈ 0.3-0.4 TG have never been observed below

their propeller lines (Section 3.8).

Our results for each individual pulsar have been sum-

marized in Table 1. In this table, the reader can follow the

directional arrows in order to also follow, quite easily, the

flow of our calculations. As a concise comparison of our

results, the main highlights from Table 1 are as follows:

(1) Two very similar, possibly twin, short spin-period

HMXBPs.

4U 0115+63 — This 3.61 s HMXBP is seen to cross

below the propeller line and then it drops abruptly

down to the bottom of the Corbet gap (Tsygankov

et al. 2016a; Wijnands & Degenaar 2016), where it

exhibits flaring activity indicative of a strong mag-

netic field (B = 1.3 TG). The magnetic field is

known independently from two cyclotron absorption

lines in the spectrum. The two luminosity thresh-

olds can be easily identified: first Lgap is set to

4.5 × 1033 erg s−1 and this leads to Lprop = 1.8 ×

1036 erg s−1.

V 0332+53 — This 4.376 s HMXBP shows very

similar evolution to 4U 0115+63 (Tsygankov et al.

2016a; Wijnands & Degenaar 2016). Here, the

known value of B = 3.2 TG dictates that Lgap =

1.5 × 1034 erg s−1 and Lprop = 6.7 × 1036 erg s−1.

But only one cyclotron line has been detected in the

spectrum and we treated it as the fundamental. In the

event that this line turns out to be the first harmonic,

the luminosity thresholds would decrease by a factor

of 4 and B would decrease by a factor of 2, making

V 0332+53 a staunch twin of 4U 0115+63.

(2) Two similar long spin-period HMXBPs operating

well above their propeller lines.

AX J0049.4–7323 — This 750 s pulsar has exhibited

intense variability over the past 17 years (Ducci et al.

2018), but this occurs well above the propeller line,

where Lprop = 3.5 × 1031 erg s−1 for B = 3 TG.

The tug of war for such a strong magnetic field

against changes in Ṁ at the inner edge of the ac-

cretion disk is certainly the reason for the observed

variability.

1A 0535+262 — This 103.3 s pulsar has also exhib-

ited variability at a low level of ≥ 1.3× 1034 erg s−1

(Doroshenko et al. 2014). Its magnetic field is known

to be strong from two cyclotron lines in the spec-

trum (B = 5 TG). This implies that Lprop = 1.0 ×

1034 erg s−1, thus the flares originate above the pro-

peller line, making the faint states of 1A 0535+262

quite similar to those of AX J0049.4–7323. Such

strong variability in other long-period HMXBPs

(see, e.g., footnote 1 concerning EXO 2030+375)

should be indicative of strong pulsar magnetic fields.

(3) Two MSBPs differing only in the magnitudes of their

magnetic fields.

Aquila X-1 — This 1.8 ms pulsar exhibits all three

luminosity thresholds (Campana et al. 1998; Ootes

et al. 2018), which imply a strong magnetic field

for its class. In cases such as this, we determine

unambiguously the luminosity at the light cylinder

and then we calculate the other two thresholds and

the magnetic field. For Aquila X-1, we adopt Llc =

1.0×1033 erg s−1 leading to B = 8.4×107 G. Such a

strong magnetic field does not allow for flaring at the

light-cylinder radius because the pressure of the in-

flowing matter is too weak to push against the strong

magnetospheric pressure.

SAX J1808.4–3658 — In contrast to Aquila X-1, this

2.5 ms pulsar did not fade below the bottom of the

Corbet gap past its two major outbursts in 2005 and

2015 (Campana et al. 2008; Sanna et al. 2017). This

is an indication that its magnetic field is weak for

its class, and this is the only important difference as

compared to Aquila X-1. Consistent with this dif-

ference between MSBPs, we find for SAX J1808.4–

3658 that Lgap = 2 × 1032 erg s−1 leading to B =

5 × 106 G. Such a weak magnetic field is incapable

of driving the magnetosphere toward the location

of the light cylinder; nevertheless, it is expected to

produce flares that crisscross the Corbet gap (which

has a small extent since Lprop = 3Lgap), as is

indeed observed. Conversely, MSBPs whose light

curves do not descend to the light-cylinder thresh-

old are expected to have weak magnetic fields and

exhibit flares whose X-ray luminosities fall between

the other two fundamental thresholds.

(4) A ULX pulsar with only two luminosity states and no

flaring activity.

M82 X-2 — In 17 years of observations (Tsygankov

et al. 2016b; Brightman et al. 2016), this 1.37 s ULX

pulsar shows no flaring activity in its low state which

however exhibits an enormous luminosity (Lmin =

1.7 × 1038 erg s−1 ≈ LEdd). This low state cannot

be associated with the gap threshold: such an identi-

fication would lead to an unphysical magnetic field

and an enormous propeller-line luminosity that the
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source has never reached in its history. We identi-

fied the low state with the propeller line and we also

assumed that the emission is beamed toward the ob-

server, in which case the anisotropic propeller-line

luminosity is Lprop = 1.6 × 1036 erg s−1 leading to

a modest value of B = 0.41 TG. Thus, under the

assumption of anisotropic emission that does not ex-

ceed LEdd during the most powerful outbursts, this

ULX source appears to be quite a common pulsar

that is similar to many Magellanic HMXBPs with

modest magnetic fields (Christodoulou et al. 2016).

More importantly, irrespective of whether the emis-

sion is beamed or isotropic, the jump factor of M82

X-2 above the lowest Magellanic propeller line is

only J = 2 (Christodoulou et al. 2018), which indi-

cates the presence of a weak magnetic field, compa-

rable to that of the lowest Magellanic propeller value

of 0.29 TG.
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