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HEDPHEDP National Task Force
High Energy Density Physics

Fundamental Physics of HEDP Fundamental Physics of HEDP 
Astrophysical Phenomena QuestionAstrophysical Phenomena Question

How does matter and energy behaveHow does matter and energy behave
under conditions of extremeunder conditions of extreme

temperatures, pressures, and densities,temperatures, pressures, and densities,
in astrophysical settings?in astrophysical settings?



HEDPHEDP Some HEDP Astrophysical Regimes

• Ultradense matter —
– Hot neutron stars (T ~ 1012 K)

»n = 1038 cm–3 = 1044 m–3       

(ρ = 1014 g cm–3 = 1017 kg m–3)

» ε = 1034 ergs cm–3 = 1033 J m–3

– Cold neutron stars (T ~ 108 K)
»n = 1040 cm–3 = 1046 m–3       

(ρ = 1016 g cm–3 = 1019 kg m–3)

» ε = 1034 ergs cm–3 = 1033 J m–3



HEDPHEDP Some HEDP Astrophysical Regimes

• High energy density radiation fields —
– Sun’s surface (T ~ 104 K)

»F = 1011 ergs cm–2 s–1 = 104 W m–2 s–1 = 108 W m–2 s–1

– X-ray star (neutron star) surface (T ~ 109 K)
»F = 1029 ergs cm–2 s–1 = 1022 W m–2 s–1 = 1026 W cm–2 s–1

• High energy density magnetic fields —
– B ~ 1015 G neutron star 

ε = 1028 ergs cm–3 = 1027 J m–3
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HEDPHEDP Astrophysics Thrust Areas
Fundamental HEDP

Fundamental physics that enters astrophysical 
modeling —

• Often, fundamental physics questions are raised by 
modeling needs (e.g., the need to model pulsars)

• These physics questions can then turn into
(e.g., the equation of state of ultradense matter)

• Neutron star matter at densities much higher than is 
accessible in laboratory nuclei



HEDPHEDP Astrophysics Thrust Areas
Fundamental HEDP

1.   Fundamental properties of HED matter
• EOS of degenerate and partially-degenerate matter at 

high and ultrahigh densities, high and low T
–White dwarfs and neutron stars

–Brown dwarfs, interiors giant gaseous planets

• Properties of matter at high densities and 
temperatures
– Interaction of high-intensity radiation fields with matter

–Opacities of matter at high densities and temperatures, especially 
for complex abundances



HEDPHEDP Astrophysics Thrust Areas
Fundamental HEDP

2.   The origins and effects of ultrastrong
magnetic fields

• How does matter behave in the presence of extremely 
strong (~ 109 – 1015 G or higher) magnetic fields?

• How are superstrong magnetic fields generated?

• How are magnetic fields dissipated under HEDP 
conditions?

(Neutron stars can in principle have B ~ 1018 G)



HEDPHEDP High-Frequency Neutron Star
X-ray Oscillations

3 Basic Types
• Persistent oscillations at the neutron star’s spin frequency (“X-ray 

pulsations”);  5 accretion-powered millisecond X-ray pulsars are now 
known, with frequencies ranging from 185 Hz to 435 Hz

• Oscillations during thermonuclear X-ray bursts (“burst oscillations”)
Generated by the spin of the star; 16 such “nuclear-powered pulsars”
are known.

• Accretion-powered kilohertz oscillations (kilohertz QPOs)
Basic frequency is that of orbital motion skimming the neutron star’s 
surface; detected in some 25 neutron stars so far.



HEDPHEDP Periodic Oscillations and 
Kilohertz QPOs

νspin =  401 Hz, νQPO1 ≈ 500 Hz, νQPO2 ≈ 700 Hz, ∆νQPO ≈ 200 Hz

X-ray pulsar SAX J1808.4–3658



HEDPHEDP Burst Oscillations in SAX J1808.–3658

•Chakrabarty et al. (2003)

• Four bursts were observed; all 
show 3–5% oscillations in the 
burst rise and the burst tail

• During the rise of the burst, νburst 
increases quickly, 10X faster than 
in any other X-ray burst source, 
and overshoots the spin 
frequency

• The oscillation disappears during 
the radius expansion that occurs 
at the peak of the burst

• The oscillation reappears in the 
tail of the burst, with a frequency  
νburst = νspin + 6 mHz

• The oscillation in the tail begins in 
phase with the magnetic pole, but 
then drifts by 0.1 in phase

νburst = νspin

Chakrabarty et al. 2003



HEDPHEDP Burst Oscillations and kHz QPOs in 
Neutron Stars with Known Spins

Galloway et al. 2002
Markwardt et al. 2003a

Markwardt et al. 2003b

Wijnands & van der Klis 1998;
Chakrabarty & Morgan 1998

Markwardt et al. 2002
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HEDPHEDP Properties of Dense Matter and 
General Relativistic Effects

Left:  Comparison of upper kilohertz QPO frequency with NS EOS
Right:  Comparison of illustrative burst oscillation data with NS EOS
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Fig 3 from Proposal
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HEDPHEDP Possible New Instrumentation
to Address HEDP Astrophysics

• Physics of ultradense matter and ultrastrong magnetic fields
– Spins, accretion-powered and nuclear-powered kilohertz oscillations 

constrain the equation of state of cold dense matter

– X-ray spectra and the waveforms of pulsars provide data on the structure of 
their magnetic fields and on quantum electrodynamic effects

• A follow-on X-ray timing mission
– Cambridge, MA, Workshop, November 2003


