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Inside ‘Extreme’ Neutron Stars

???

ρ ~ 1 x 1015 g cm-3

Superfluid neutrons

• The physical constituents of neutron star interiors still largely remain
a mystery after 35 years.

Pions, kaons, hyperons,

quark-gluon plasma?
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QCD phase diagram: New states of
matter

Rho 2000, thanks to David Kaplan • Theory of QCD still
largely unconstrained.

• Recent theoretical work
has explored QCD phase
diagram (Alford, Wilczek,
Reddy, Rajagopal, et al.)

• Exotic states of Quark
matter postulated, CFL,
color superconducting
states.

• Neutron star interiors
could contain such
states. Can we infer its
presence??
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The Neutron Star Equation of State
Lattimer & Prakash 2004

• Mass measurements,
limits softening of
EOS from hyperons,
quarks, other exotic
stuff.

• Radius provides
direct information on
nuclear interactions
(nuclear symmetry
energy).

• Other observables,
such as global
oscillations might
also be crucial.

dP/dr = -ρ G M(r) / r2
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Neutron Star Fun Facts
• Egrav = GMm/R  = (GM/c2R) mc2  ~ 0.2 mc2 !!

• Orbital Period (near surface): 2π (R3/GM)1/2  < 1 ms

• Stellar Pulsation periods:   0.01 ms <  Ppuls < 100 ms

• Spin Periods:    Pspin  >  0.5 ms

• Dynamical timescale:   Tdyn = 1 / (G ρavg )1/2  <  1 ms

• Escape Velocity:  ~ (GM/R)1/2 = 0.3 c

• Rotational Velocity ( 1 ms spin) :  ΩR = 0.2 c

• Surface red-shift:  (1+z) = 1/ (1 – 2GM/c2R)1/2 ~ 1.4
Things happen FAST on and near neutron stars.
You need sub-millisecond timing to see it happen!!
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Sources of Thermonuclear  Bursts:
LMXBs Containing Neutron Stars

X-ray binaries near the Galactic centerX-ray binaries near the Galactic center
as seen with RXTE/PCAas seen with RXTE/PCA

• Accreting neutron stars
in low mass X-ray
binaries (LMXBs).

• Approximately 70 burst
sources are known.

• Concentrated in the
Galactic bulge.

• Bursts triggered by
thermally unstable H or
He burning at column of
few x 108 gm cm-2

• Liberates ~ 1039 – 1043

ergs. First discovered
1976 (Grindlay et al.,
Belian et al. 1976

• Recurrence times of
hours to a few days (or
years).

Credit: C. B. Markwardt

Fun fact: a typical burst is equivalent to 100,
15 M-ton ‘bombs’ over each cm2 !!



Goddard Space
Flight Center

Accreting Neutron Star binaries:
What do we see?

Superburst

Normal
bursts

• Accretion of matter
converts gravitational
potential energy to
radiation (X-rays,
persistent flux)

• At various accretion
rates, thermonuclear
instabilities occur in
the accreted material.
X-ray bursts.

• Can produce normal
bursts (hours to
days) and
superbursts (years).
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“Normal” Thermonuclear Bursts
•10 - 200 s flares.

•Thermal spectra
which soften with
time.

•3 - 18 hr recurrence
times, sometimes
quasi-periodic.

•~ 1039 ergs

•H and He primary
fuels.Time (s)

4U 1636-53
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He Ignition at a column depth of  2 x 108 g cm-2
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Photospheric Radius Expansion

4U 1636-53: Strohmayer et al. (1998)

• Local atmospheric flux
can reach Eddington
limit.

• Radiation pressure
drives wind, expands
photosphere.

• Models indicate L stays
constant.  R increases,
Teff drops, spectrum
softens.
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Thin Shell, Thermal Instability

• Thermal stability set by competition between radiative cooling (α T4) and
nuclear energy generation rate.  Strong T dependence of 3α wins over
cooling at ~1-2x108 K and r ~ 1x106 g cm-3.

Cumming & Bildsten (2000)
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GS 1826-24: The “Textbook” Burster

• Very steady X-ray flux, and
thus mass accretion rate.

• Regular “clocked” bursts.
• Long duration and α ≈ 40 =>

mixed H-He burning.

• Mdot comfortably in the
mixed ignition regime

Time (s)
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97-98

2000
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X-ray Bursts: Nuclear Physics and Burst
Profiles

Models: Woosley et al. (2004)

• rp-process important when significant hydrogen present. Various reaction rates
can dramatically effect light curves.
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Nuclear flows during X-ray
Bursts: With Hydrogen

•Composition is
important for
superbursts.

•With hydrogen
around, carbon
tends to be
destroyed by rp
process burning.

• Is enough carbon
left over to
account for
superbursts? Still
not clear

Thanks to Hendrik Schatz (MSU) for the movie
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Discovery of 363 Hz Burst Oscillations
from 4U 1728-34

• Discovered in Feb. 1996, shortly
after RXTE’s launch (Strohmayer
et al, 1996)

• First indication of ms spins in
accreting LMXBs.

• 4U 1728-34, well known,
reliable burster.

• Power spectra of burst
time series show
significant peak at 363 Hz.
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Timing and Spectral Evidence for
Rotational Modulation

• Oscillations caused by hot spot on rotating
neutron star

• Modulation amplitude drops as spot grows.

• Spectra track increasing size of X-ray
emitting area on star.
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hot spot.

Strohmayer, Zhang & Swank (1997)
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Puzzle # 1: Frequency Evolution of
Burst Oscillations

• Expanding layer
slows down
relative to bulk of
the star.

• Change in spin
frequency crudely
consistent with
expected height
increase, but
perhaps not for
most extreme
variations.

• X-ray burst
expands surface
layers by ~ 30
meters.
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4U 1702-429
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Extreme Weather on Neutron
Stars

• Spitkovsky, Levin & Ushomirsky
(2002) explored burning front
propagation on rotating neutron stars.

• Burst heating and Coriolis force drive
zonal flows; vortices and retrograde
flows may account for late time
asymmetry and frequency drifts.

From Spitkovsky, Levin & Ushomirsky (2002)
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Burst Oscillations: Ignition
and Spreading

Thanks to Anatoly Spitkovsky!

• Combining spreading theory
(Spitkovsky, Levin &
Ushomirsky 2002), with
burning calculations (Schatz,
Bildsten, Cumming, Heger,
Woosley…), can give
detailed predictions for hot
spot geometry and
lightcurves.

• Comparison with precision
measurements can probe
various burning physics as
well as the neutron star
properties.
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Burst Rise: Amplitude Evolution
• Amplitude evolution during burst rise,

encodes information on nature of flame
spreading.

• Some bursts show high initial amplitude,
rapid decrease, and then persist at
lower amplitude.

4U 1636-53

SAX J1808
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Coriolis Force influences spreading
speed

• Spitkovsky, Levin & Ushomirsky
(2002) showed Coriolis force
relevant to ignition and spreading.

• Flame speed faster at equator,
slows with increasing lattitude.

Modelling of near-equatorial
ignition, and Coriolis
dependent spreading, can
better explain amplitude
evolution of some bursts.

Bhattacharyya & Strohmayer (2007)



Goddard Space
Flight Center

Double-peaked bursts: A Spreading
Phenomenon?

• A small fraction of bursts show
multiple peaks NOT associated
with photospheric radius
expansion (4U 1636-53, a famous
example).

• These are sub-Eddington in peak
flux.

• Several models proposed: 1)
shear instability (Fujimoto): 2)
“Delayed” nuclear energy release
(Fisker et al.).

• All of these “one dimensional” in
some sense

Bhattacharyya & Strohmayer (2005)
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Double-peaked bursts: A Spreading
Phenomenon?

• We explore spreading in a manner
analogous to Spitkovsky et al
(2002).

• Using fully relativistic model of
photon propagation from NS
surface (Bhattacharyya et al.
2005).

• Spreading from equator appears
implausible.

• Spreading from a pole with front
“stalling” near equator can
qualitatively explain observed
properties.

Bhattacharyya & Strohmayer (2005)
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A Double-peaked Burst with
Oscillations:  Evidence of Stalling?

• An unusual double-
peaked burst from 4U
1636-53 shows 582
oscillations during the
first (weaker) peak.

• A spreading model can
account for double
peaks, and oscillations,
but ignition must be at
high latitude (but not
the pole).

• Stalling of the front
required again. Some
indications for this in
the behavior of R.

Bhattacharyya & Strohmayer (2006)
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Puzzle: Oscillations in the
Cooling Phase

• Pulsations in the cooling
tails can be as large as
15% (rms)

• If the whole surface is
burned, what causes the
flux asymmetry?

• Cooling time asymmetry
is probably not large
enough

• Oscillation modes (Heyl
2002 suggests r-modes;
Piro & Bildsten 2005, Lee
& Strohmayer 2005, Heyl
2005) ?

4U 1728-34
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What Breaks the Symmetry?

Cumming (2005)

• Global Oscillation modes could
provide late time asymmetry.

• Heyl suggested r-modes. Recent
work by Lee & Strohmayer (2005),
Heyl (2005).  Are the modes
unstable?

• Piro & Bildsten (2005), suggest
connection with crustal interface
mode, to account for frequency
stability.

• Cumming (2005) finds dynamically
unstable shear modes, associated
with differential rotation, perhaps
“self-excited” by bursts.
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First Superburst from 4U 1735-44
(BeppoSAX/WFC)

Cornelisse et al. (2000)

• Long, 3 - 5 hr flares
seen to date from 9
low mass X-ray
binaries (LMXB).

• Spectra consistent
with thermal, show
softening with time.

• Two superbursts from
4U 1636-53, 4.7 yr
apart.

• 1,000 x more energy
than standard Type I
bursts.
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RXTE and BeppoSAX Observe
“Superbursts” from Accreting Neutron Stars

• Long, 3-5 hr. X-ray
bursts observed from
5 accreting neutron
star binaries (Heise et
al. 2000; Strohmayer
2000; Wijnands
2001).

• Bursts reveal new
regime of nuclear
burning. 1,000 times
more energy release
than normal bursts.

• Stories made
headlines in national
papers, Washington
Post, NY Times.
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New Superburst from 4U 1608-522
(RXTE/ASM)

Levine et al. (2005)

• Seen in the transient
source 4U 1608-522.

• Spectrum consistent
with thermal, shows
softening with time.

• Observed during the
most recent outburst.

• RXTE and XMM
programs to observe
superbursts.  ASM
notice was not
disseminated, missed
this one!
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Superbursts observed with
RXTE/PCA
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Superburst from 4U 1820-30: Carbon
Production

Strohmayer & Brown (2002)

bursts

No bursts

superburst

•Thermonuclear
(helium) burning is
stabilized at high
accretion rates (ie.
no normal bursts).

•Lower peak burning
temperatures will
likely synthesize
lots of Carbon.

•Higher temperature
during unstable
burning yields little
Carbon
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A Carbon “bomb” on a Neutron Star
• Too much energy for

unstable helium burning

• Carbon burning can
supply total energy,
recurrence time ~ 10
years.

• Carbon produced during
stable burning of
accreted helium.

• Carbon ignites at 1013 g
cm-2. Total energy is
~10-20 times greater
than X-ray fluence.

• Significant energy loss
to neutrinos, energy will
flow inward to be
released on longer
timescale.

12C Ignition curve

Strohmayer & Brown (2001)
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Carbon Flashes on Neutron Stars:
Mixed H-He Accretors

Cumming & Bildsten 2001
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Pulsations During the Superburst
from 4U 1636-53
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Time Dependence of the Pulsation
Frequency

• Pulse train lasts
~1000 seconds.
Much longer than in
normal bursts.

• Frequency drifts by
about 0.03 Hz in 800
s. Much smaller than
drift in normal bursts.

• Orbital modulation of
neutron star spin
frequency.


