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How do YSOs regulate spin?

• YSOs are slow rotators, depends on B field 
configuration (cf. talks on Tuesday) 

• YSOs with discs rotate more slowly than without 

• Potential angular momentum sinks: stellar wind, 
mass ejections/propeller, accretion disc
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Accretion Flow
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⌦K ⌦⇤ > ⌦K

⌦⇤

Star spins faster than disc: centrifugal barrier

T H E  “ P R O P E L L E R ”  M O D E

At very low luminosities, gas 
shouldn’t reach the surface



Faint accreting pulsar: J1023+0038
• Accreting X-ray pulsar

• Weakly magnetic B~108G

• Spin period: 592 Hz

• X-ray ‘bright’ state: 


• Lx 1032-1034 erg/s (very 
faint)

• Rc: 2.4x106 cm 

• Rm: 6x106 cm 


⌦K ⌦⇤ > ⌦K

⌦⇤

Rc Rm Rlc

Archibald et al. 2009
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Figure 1. Variations in the time of the ascending node of the bi-
nary orbit, Tasc. Blue points are measurements made by Archibald
et al. (2013) based on radio timing; horizontal bars indicate the
span of time over which the orbit was fit, and vertical bars reflect
an uncertainty in the fitted values that includes unmodelled orbital
deviations. The green curve is a best-fit parabola through these
blue points, reflecting a long-term average binary period and binary
period derivative. The gray vertical bar indicates when the radio
disappearance occurred (Stappers et al. 2014). The red points are
obtained from the two XMM-Newton observations presented here
by optimizing the detection significance; their uncertainties are too
small to see on this scale. The top panel was computed using a con-
stant binary period of 0.198096315 day, obtained from long-term
radio timing (Archibald et al. 2013). The bottom panel shows the
residuals after subtraction of the green parabola, corresponding to
a steady orbital period derivative of �9.05 ⇥ 10�12.

Examination of the combined XMM-Newton light
curves revealed three distinct luminosity modes10 (Fig-
ures 3, A1 and A2), all of which are present dur-
ing the LMXB state. Similar behavior is seen from
PSR J1023+0038 at the higher energies observed with
NuSTAR (Tendulkar et al. 2014), as well as during the
LMXB states of the two other known transitional RM-
SPs: PSR J1824�2452I and XSS J12270�4859 (Linares
et al. 2014; de Martino et al. 2013). In the 0.3–
10 keV photon energy range, our XMM-Newton ob-
servations show a steady ‘low’ mode with luminosity
⇠ 5 ⇥ 1032 erg s�1, a steady ‘high’ mode with lumi-
nosity ⇠ 3 ⇥ 1033 erg s�1, and occasional, more erratic
‘flares’ during which the luminosity typically exceeds
5⇥ 1033 erg s�1, and reaches as high as 3⇥ 1034 erg s�1.
The three modes have similar hard power-law spectra
(photon index ⇠1.7; Tendulkar et al. 2014). The low,
high, and flare modes occupy roughly 20%, 80%, and 1–

10 The PSR J1023+0038 system has been observed to switch
between RMSP and LMXB states. To describe the di↵erent X-
ray luminosities observed during the LMXB state, we use the term
mode, that is, low, high and flare mode.
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Figure 2. Top panel: the LMXB-state pulse profiles com-
puted from the 2013 November (blue, top) and 2014 June (red,
bottom) observations, when the radio pulsar was unobservable.
Two rotational cycles are shown for clarity, with both a his-
togram and a multiple-sinusoid representation (see appendix for
details). The 2014 November observation has rms amplitude
0.236(6) s�1 (5.58(13)% modulation) and the 2014 June obser-
vation has rms amplitude 0.233(6) s�1 (5.81(14)%). Second
panel: the di↵erence between the scaled LMXB-state profiles.
Third panel: the X-ray pulse profile observed during the 2008
November observation reported in Archibald et al. (2010), during
which PSR J1023+0038 was in the RMSP state (RMS amplitude
0.0099(18) s�1, 8.8(1.6)%). Bottom panel: the di↵erence between
the LMXB-state profile (from 2014 June) and a suitably scaled ver-
sion of that observed during the RMSP state (in 2008 November).

2% of the data, respectively, in both the 2013 November
and 2014 June data sets. Switching between the low and
high modes appears to occur within 10� 30 s, while the
flares have a more complex structure. The low and high
mode durations are typically tens of seconds up to tens
of minutes long, and the distribution of their durations
follows a power law (Tendulkar et al. 2014). No obvious
periodicity or other discernible regular pattern is present.
Moreover, the luminosity in low/high mode appears to
be nearly constant and equal in both the 2013 November
and 2014 June observations.
The majority of the photons were collected during the

high mode, where we find that the 0.3–10 keV X-rays
are pulsed with a root-mean-square pulsed fraction of
8.13(14)% (count rate 0.311(5) s�1; see also Figure 4).
In the low mode we detect no significant pulsations, and
set a 95% confidence upper limit on the pulsed fraction
of 2.4% (count rate 0.016 s�1). This implies that if any
pulsations are present in the low mode, they must form
a substantially smaller luminosity fraction (and much
smaller absolute luminosity) in the low mode than they
do in the high mode. Pulsations are also not detected
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Figure 3. A short section of the combined XMM-Newton light-curve, showing the low (green), high (black), and flare (red) modes. Times
at which the mode is indeterminate are marked in grey, and times excluded from pulsation searching because of background flaring are
marked in yellow. See Figure A1 for how the thresholds were set, and Figure A2 for the whole light curve.

during the flares, with a 95% upper limit on the pulsed
fraction of 1.4% (count rate 0.15 s�1): if any pulsations
are present during the flares, they must be weaker in ab-
solute luminosity than during the high mode. In other
words, the flares are not simply the addition of unmod-
ulated emission to the high mode; the pulsations appear
to be suppressed during flares.

4. DISCUSSION

The detection of X-ray pulsations strongly suggests
that PSR J1023+0038 undergoes channeled accretion
onto the stellar surface (at the magnetic poles) but at
a luminosity of 3 ⇥ 1033 erg s�1 — a level that is con-
sidered quiescent for normal LMXBs, and which is close
to two orders of magnitude less than the luminosities
at which AMXPs have previously been seen to pulsate
(& 1035 erg s�1; see Figure 5 and Table 1). The observed
pulse profile shapes in AMXPs are a consequence of the
hot spots on the surface of the rotating star or shocks
barely above it. PSR J1023+0038’s pulsation character-
istics are strikingly similar to other, higher-luminosity
AMXPs: namely, a low pulsed fraction, roughly sinu-
soidal pulse shape, and a fairly hard spectrum (Pa-
truno & Watts 2012). The large duty cycle of the high-
luminosity mode (⇠70%), the only one to exhibit X-ray
pulsations, suggests that the channeled accretion flow in
PSR J1023+0038 is able to reach the magnetic polar caps
on the stellar surface the majority of the time, but with
frequent, short interruptions.
Theoretical models of accretion onto a magnetized neu-

tron star must therefore account for the entirety of the

rich phenomenology of PSR J1023+0038: the rapid,
stochastic switching between the three discrete luminos-
ity modes — low, high, and flare — two of which main-
tain a fairly narrow range of luminosities on time scales
ranging from minutes to several hours (and are also re-
markably similar between observations separated by 7
months), and only one of which permits detectable X-
ray pulsations.
The simplest model for accretion regulated by a stel-

lar magnetic field assumes that a geometrically thin
disk is truncated at the ‘magnetospheric radius’, where
the ram pressure of the gas balances the pressure
of the magnetic field (Pringle & Rees 1972): rm '
(B⇤R

3
⇤)

4/7(GM⇤/2)1/7Ṁ�2/7. This radius is compared
with the ‘co-rotation radius’ (rc ⌘ GM⇤/⌦2

⇤ = 24 km
for PSR J1023+0038), the location where the orbital
velocity matches the star’s spin. When rm > rc,
the star spins faster than the flow and inhibits accre-
tion, instead expelling incoming gas from the system
(the ‘propeller’ regime) (Illarionov & Sunyaev 1975).
For PSR J1023+0038, the transition to the ‘propeller’
regime occurs at ⇠ 5 ⇥ 10�10 M� yr�1 and 8 ⇥
1035 erg s�1 — substantially higher than the luminos-
ity of PSR J1023+0038 in its high-luminosity mode. For
comparison, assuming the entire high mode X-ray flux
comes from accretion onto the star’s surface, we obtain a
mass flow rate of 9⇥10�13 M� yr�1, almost three orders
of magnitude lower and only ⇠ 10�4 of the Eddington
accretion rate.
Our detection of pulsations at quiescent luminosities

suggests that the simple accretion/propeller picture is

X-ray pulsations found in X-ray bright 
state: inefficient propeller?

Archibald et al., 2015

Lx ~ 1034-1035 erg/s 

Archibald et al., 2015



Romanova et al. 2013

SIMULATIONS: PROPELLER WITH SOME ACCRETION
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Ṗ
X�ray

= (0.9± 0.15)Ṗ
radio

⌫̇ = �2.2± 0.4⇥ 10�15 Hz s�1

• Jaodand et al. (2015) 
report phase connected 
timing solution


• J1023 shows modest 
spin-down

Spin-down limits 

‘Propeller’ simulations 
predict 10-20 times 
higher spin-down rate

⌦K ⌦⇤ > ⌦K

⌦⇤



C E N T R I F U G A L  B A R R I E R  T O  A C C R E T I O N

Rm > Rc: star spins faster than disc

Most gas is not 
necessarily expelled!

vs.

Illarianov & Sunyaev 
(1975)

Propeller

Spruit & Taam (1993); D’Angelo & Spruit (2010)

Trapped disc

Archibald et al., 2015



A  P R O P E L L E R  D O E S N ’ T  H AV E  T O  F O R M

Rm ' Rc

Torque added 
by star’s 
rotation

⌦⇤ > ⌦K

Rm ' Rc

J from disc/
field coupling

⌦⇤ > ⌦K
• (rm<1.3 rc): angular 

momentum not enough 
to expel most gas in 
outflow (weak propeller)  

• gas piles up in disc 
• accretion onto star 

continues 
• “Trapped disc” (inner 

edge trapped near Rc)
[Spruit & Taam 1993, D’Angelo & Spruit 

2010,2011,2012]
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‘Propeller’ Trapped disc

Strong outflow dominates Weaker outflow; gas accretes

Narrow range of       leads to 
surface accretion Always get accretion onto star

Inefficient spin regulation for 
strongly variable accretion rates

Spin-down efficiency high for 
variable accretion rates

Ṁ

Surface Accretion and spin change in 
J1023+0038 implies a trapped disc is 

present
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How do FU Ori outbursts 
affect spin evolution in YSOs?

• Young TTauri stars show 
FU Ori-type outbursts: 
~1000x change in 
luminosity,~1/100 duty 
cycle?  

• How do these large 
changes affect spin 
evolution?

dM
/d

t

time
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Track spin change over time 
for outbursting YSO

dM
/d

t

time

• B~1500 G, M~0.5 Msun 
• Calculate spin change for 

different average accretion 
rates and spin-regulation 
models 

• Consider effect of outbursts 
on spin evolution 

• Evolve star to ‘spin 
equilibrium’ for different 
accretion rates

dMmax/dt ~ 1000 dMmin/dt

“equilibrium” dM/dt



Strong propeller: inefficient spin down



Trapped Disc: Efficient spin down
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Spin regulation in trapped disc
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Figure 3. A short section of the combined XMM-Newton light-curve, showing the low (green), high (black), and flare (red) modes. Times
at which the mode is indeterminate are marked in grey, and times excluded from pulsation searching because of background flaring are
marked in yellow. See Figure A1 for how the thresholds were set, and Figure A2 for the whole light curve.

during the flares, with a 95% upper limit on the pulsed
fraction of 1.4% (count rate 0.15 s�1): if any pulsations
are present during the flares, they must be weaker in ab-
solute luminosity than during the high mode. In other
words, the flares are not simply the addition of unmod-
ulated emission to the high mode; the pulsations appear
to be suppressed during flares.

4. DISCUSSION

The detection of X-ray pulsations strongly suggests
that PSR J1023+0038 undergoes channeled accretion
onto the stellar surface (at the magnetic poles) but at
a luminosity of 3 ⇥ 1033 erg s�1 — a level that is con-
sidered quiescent for normal LMXBs, and which is close
to two orders of magnitude less than the luminosities
at which AMXPs have previously been seen to pulsate
(& 1035 erg s�1; see Figure 5 and Table 1). The observed
pulse profile shapes in AMXPs are a consequence of the
hot spots on the surface of the rotating star or shocks
barely above it. PSR J1023+0038’s pulsation character-
istics are strikingly similar to other, higher-luminosity
AMXPs: namely, a low pulsed fraction, roughly sinu-
soidal pulse shape, and a fairly hard spectrum (Pa-
truno & Watts 2012). The large duty cycle of the high-
luminosity mode (⇠70%), the only one to exhibit X-ray
pulsations, suggests that the channeled accretion flow in
PSR J1023+0038 is able to reach the magnetic polar caps
on the stellar surface the majority of the time, but with
frequent, short interruptions.
Theoretical models of accretion onto a magnetized neu-

tron star must therefore account for the entirety of the

rich phenomenology of PSR J1023+0038: the rapid,
stochastic switching between the three discrete luminos-
ity modes — low, high, and flare — two of which main-
tain a fairly narrow range of luminosities on time scales
ranging from minutes to several hours (and are also re-
markably similar between observations separated by 7
months), and only one of which permits detectable X-
ray pulsations.
The simplest model for accretion regulated by a stel-

lar magnetic field assumes that a geometrically thin
disk is truncated at the ‘magnetospheric radius’, where
the ram pressure of the gas balances the pressure
of the magnetic field (Pringle & Rees 1972): rm '
(B⇤R

3
⇤)

4/7(GM⇤/2)1/7Ṁ�2/7. This radius is compared
with the ‘co-rotation radius’ (rc ⌘ GM⇤/⌦2

⇤ = 24 km
for PSR J1023+0038), the location where the orbital
velocity matches the star’s spin. When rm > rc,
the star spins faster than the flow and inhibits accre-
tion, instead expelling incoming gas from the system
(the ‘propeller’ regime) (Illarionov & Sunyaev 1975).
For PSR J1023+0038, the transition to the ‘propeller’
regime occurs at ⇠ 5 ⇥ 10�10 M� yr�1 and 8 ⇥
1035 erg s�1 — substantially higher than the luminos-
ity of PSR J1023+0038 in its high-luminosity mode. For
comparison, assuming the entire high mode X-ray flux
comes from accretion onto the star’s surface, we obtain a
mass flow rate of 9⇥10�13 M� yr�1, almost three orders
of magnitude lower and only ⇠ 10�4 of the Eddington
accretion rate.
Our detection of pulsations at quiescent luminosities

suggests that the simple accretion/propeller picture is
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Figure 1. Variations in the time of the ascending node of the bi-
nary orbit, Tasc. Blue points are measurements made by Archibald
et al. (2013) based on radio timing; horizontal bars indicate the
span of time over which the orbit was fit, and vertical bars reflect
an uncertainty in the fitted values that includes unmodelled orbital
deviations. The green curve is a best-fit parabola through these
blue points, reflecting a long-term average binary period and binary
period derivative. The gray vertical bar indicates when the radio
disappearance occurred (Stappers et al. 2014). The red points are
obtained from the two XMM-Newton observations presented here
by optimizing the detection significance; their uncertainties are too
small to see on this scale. The top panel was computed using a con-
stant binary period of 0.198096315 day, obtained from long-term
radio timing (Archibald et al. 2013). The bottom panel shows the
residuals after subtraction of the green parabola, corresponding to
a steady orbital period derivative of �9.05 ⇥ 10�12.

Examination of the combined XMM-Newton light
curves revealed three distinct luminosity modes10 (Fig-
ures 3, A1 and A2), all of which are present dur-
ing the LMXB state. Similar behavior is seen from
PSR J1023+0038 at the higher energies observed with
NuSTAR (Tendulkar et al. 2014), as well as during the
LMXB states of the two other known transitional RM-
SPs: PSR J1824�2452I and XSS J12270�4859 (Linares
et al. 2014; de Martino et al. 2013). In the 0.3–
10 keV photon energy range, our XMM-Newton ob-
servations show a steady ‘low’ mode with luminosity
⇠ 5 ⇥ 1032 erg s�1, a steady ‘high’ mode with lumi-
nosity ⇠ 3 ⇥ 1033 erg s�1, and occasional, more erratic
‘flares’ during which the luminosity typically exceeds
5⇥ 1033 erg s�1, and reaches as high as 3⇥ 1034 erg s�1.
The three modes have similar hard power-law spectra
(photon index ⇠1.7; Tendulkar et al. 2014). The low,
high, and flare modes occupy roughly 20%, 80%, and 1–

10 The PSR J1023+0038 system has been observed to switch
between RMSP and LMXB states. To describe the di↵erent X-
ray luminosities observed during the LMXB state, we use the term
mode, that is, low, high and flare mode.
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Figure 2. Top panel: the LMXB-state pulse profiles com-
puted from the 2013 November (blue, top) and 2014 June (red,
bottom) observations, when the radio pulsar was unobservable.
Two rotational cycles are shown for clarity, with both a his-
togram and a multiple-sinusoid representation (see appendix for
details). The 2014 November observation has rms amplitude
0.236(6) s�1 (5.58(13)% modulation) and the 2014 June obser-
vation has rms amplitude 0.233(6) s�1 (5.81(14)%). Second
panel: the di↵erence between the scaled LMXB-state profiles.
Third panel: the X-ray pulse profile observed during the 2008
November observation reported in Archibald et al. (2010), during
which PSR J1023+0038 was in the RMSP state (RMS amplitude
0.0099(18) s�1, 8.8(1.6)%). Bottom panel: the di↵erence between
the LMXB-state profile (from 2014 June) and a suitably scaled ver-
sion of that observed during the RMSP state (in 2008 November).

2% of the data, respectively, in both the 2013 November
and 2014 June data sets. Switching between the low and
high modes appears to occur within 10� 30 s, while the
flares have a more complex structure. The low and high
mode durations are typically tens of seconds up to tens
of minutes long, and the distribution of their durations
follows a power law (Tendulkar et al. 2014). No obvious
periodicity or other discernible regular pattern is present.
Moreover, the luminosity in low/high mode appears to
be nearly constant and equal in both the 2013 November
and 2014 June observations.
The majority of the photons were collected during the

high mode, where we find that the 0.3–10 keV X-rays
are pulsed with a root-mean-square pulsed fraction of
8.13(14)% (count rate 0.311(5) s�1; see also Figure 4).
In the low mode we detect no significant pulsations, and
set a 95% confidence upper limit on the pulsed fraction
of 2.4% (count rate 0.016 s�1). This implies that if any
pulsations are present in the low mode, they must form
a substantially smaller luminosity fraction (and much
smaller absolute luminosity) in the low mode than they
do in the high mode. Pulsations are also not detected

Studying spin regulation in 
neutron stars can also shed light 
on young stars

Faint star J1023 does not have a 
strong propeller

Rm ' Rc

⌦⇤ > ⌦K

Strong changes in accretion 
rate (FU Ori-type events) can 
strongly influence spin 
change, depending on spin 
model — may be able to use 
to distinguish spin-down 
mechanism


