
High Time Resolution Astrophysics and 
ELTs   

Andy Shearer 
Centre for Astronomy 
NUI, Galway 
on behalf of the Opticon HTRA network

Chandra/HST - Hester et al, 2002



or we want to observe turbulence 

Andy Shearer 
Centre for Astronomy 
NUI, Galway 
on behalf of the Opticon HTRA network

Chandra/HST - Hester et al, 2002



Time sensitivity 

τ : ~30 ms 
φ : mv ~ 8.5 +

+

τ ~ 1 hour 
φ ~ mK ~ 30



Time sensitivity 

τ : ~30 ms 
φ : mv ~ 8.5 +

+

τ ~ 4 ms 
φ ~ mK ~ 18.3



Erice - October 2015

Six fundamental questions 
relating to extreme physics 
• How did the universe begin?  
• What is dark energy and dark 

matter?  
• Can we observe strong 

gravity in action?  
• How do supernovae and γ-

ray bursts work?  
• How do black hole 

accretion, jets and outflows 
operate? 

• What do we learn from 
energetic radiation and 
particles? 

Last four addressed 
through HTRA
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Goes beyond extreme 
physics 
• Topics addressed in recent 

HTRA workshops - see htra.ie 
for details 
•Binary Systems 
•CVs 
•LMXBs 
•HMXBs 
•Neutron Stars 
•Pulsars, Magnetars, Isolated NS 
•Normal Stars 
•Asteroseismology 
•Stellar Pulsations 
•Brown Dwarfs 
•Transients and Occulations 
•AGN 
•……..

http://htra.ie


ng





E-ELT 0.004s-hours

Existing  
instruments  
~ ns - ms

thanks to  
G Kanbach
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Radius 
(km)

Dynamic 
(s)

Crossing 
Time (ms)

Sun 700,000 2000 ~2,000
White Dwarf 6,000 2 20
Neutron Star 10 0.001 0.03

Pulsar (minimum 
observed time)

~1m <2 ns



Is there such a thing as HTRA Science?

• High Time Observations need 
–fast detectors - τ ~ µsec, maybe < 1 ns 
–low read noise detectors : ne = 0 
–high quantum efficiency detectors : DQE ~ 100% 
–high photon fluxes :  

• large collecting areas : ELTs 
• good throughput : ?



see Dhillon, V. S.,et al, 2014,  MNRAS,  444,  4021 and 
Dhillon, V. S.,et al, 2007,  MNRAS,  378,  840



Time-scale 
(now) 

Time-scale 
(ELT era) 

Stellar flares and 
pulsations 

Seconds/ 
Minutes 

10-100ms 

Stellar surface 
oscillations 

White Dwarfs 
Neutron  Stars 

1-1000 µsec 1-1000 µsec 
0.1 µsec 

Close Binary 
Systems 
(accretion and 
turbulence) 

Tomography 
Eclipse in/egress 

Disk flickering 
Correlations 

(e.g. X-ray & optical) 

100ms++ 
10ms+ 
10ms 
50ms 

10 ms+ 
< 1ms 
< 1ms 
<1ms 

Pulsars Magnetospheric 
Thermal 

1µsec-100ms 
10 ms 

nsec(?)  
<ms 

AGN Minutes Seconds(?) 



ESO - HTRA  : Richichi et al 2009

Instrument Detector Group τ (ms) Type

UltraCam Frame 
Transfer

Sheffield/
Warwick

5ms Imager  (3-Band)

UltraSpec EMCCD Sheffield/
Warwick

1ms Spectrograph

GASP EMCCD Galway 600µs Polarimeter
Optima APD MPE 1 ns Photoncounter / 

polarimeter
Iqueye APD Padua 0.1 ns Photon counter

Arcons MKID UCSB 20 ns Imager



Expanding Parameter SpaceHTRA Example - pulsars
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Pulsars  - despite nearly fifty years and a promising start.

• “probably the only point of agreement 

between all th
ese theories is the association 

of pulsars with magnetized, rotating neutron 

stars” - Roger Blandford 1998



Expanding Parameter SpaceHTRA Example - pulsars



Expanding Parameter Space



Expanding Parameter Space

f ~ 30 Hz



Expanding Parameter Space

Thanks to R Mignani
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mB period (ms) B photon Fluxes 
photons/rotation

VLT EELT
Crab 17.2 33 2,761 64,000 
Vela 23.6 89 21 475
PSR 0540-69 22.5 50 32 736
PSR 0656+14 25.5 385 15 357
Geminga 26.2 237 5 115

PSR B0950+08 27.1 253 2 54
PSR B1929+10 25.6 227 8 192
PSR B1055-52 24.9(U) 197 14 318
PSR B1509-58 25.7 151 5 117
PSR B1113+16 28.1 1188 4 101

Crab at M31 29.7 33 0.01 0.5

mB period (ms) B photon Fluxes 
counts/rotation

VLT EELT
Crab 17.2 33 280 6,400
Vela 23.6 50 2 47
PSR 0540-69 22.5 89 3 74
PSR 0656+14 25.5 385 1.5 36
Geminga 26.2 237 0.5 12

PSR B0950+08 27.1 253 0.2 5
PSR B1929+10 25.6 227 1 19
PSR B1055-52 24.9(U) 197 1.4 32
PSR B1509-58 25.7 151 0.5 11
PSR B1113+16 28.1 1188 0.4 10

Crab at M31 29.7 33 0.002 0.06
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Hankins et al Nature, 2003, 422, 141  
Structure at 3 nsec level 
(resolving 1m at 2 kpc)

ESO- ELT May 2009

The fastest time-scale - radio observations
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High Energy Emission

• Three options 
– Synchrotron - optical 
– Curvature - γ-ray 
– Inverse Compton in  polar gap models 

The first two apply to the outer and slt 
gap 

• Outer gap models describe most high 
energy emission characteristics but have to 
explain existence of an outer gap and 
account for radio emission from the polar 
gap  

• But Fermi results rule out Polar Cap 



Pulsars have a strong surface magnetic field - assumed to be dipolar [it 
isn’t] 

A rotating magnetic dipole with moment |m| radiates electromagnetic 

What slows the pulsar down?

 

The electromagnetic power, !Edipole =
2

3c3 m 2
Ω4 sin2α

If !Edipole ≈ !Espin down
then 

2
3c3 m 2

Ω4 sin2α = −IΩ !Ω⇒ m ∝ P !P

!Ω =
2 m 2 sin2α

3Ic3 Ω3  or more generally ∝Ωn

Or in terms of the frequency ν=1/p
!ν=-Kν n, n is the braking index
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Very basic geometry

 

Light Cylinder Radius

RLC = c
Ω

= cP
2π
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Magnetic Field Strength, Br  ≈  m / r3

Surface field, Bs = Br=R =
3c3I

2π 2R6 P !P
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born fast

death lin
e

spun up by accretion

what about 
these magnetars or 
anomolous X-ray 
pulsars - IR objects
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Optical Pulsars - the problem
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Pulsars - Polarisation 
Słowikowska et al., 2009
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Słowikowska et al 2009

Moran et al, 2015, in prep
Moran et al, 2013
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Crab - Optima Observations 
Słowikowska et al., 2009,  MNRAS.397, 103 
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Optical studies and particularly polarisation can separate 
models - taken from Słowikowska et al 2009
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Crab - Polarisation Polarisation studies 
Smith et al, 1988, MNRAS, 233, 667 
Romani et al, 2001, ApJ 
Słowikowska et al., 2009, arXiv:0901.4559v1
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Crab - Polarisation reverse engineering
McDonald et al, 2010, MNRAS
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Crab - Optical radio link 255±21µs -  Oosterbroek et al 
231±68µs -  Słowikowska et al
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Crab - Optical Radio link - Giant Radio Pulses
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Crab - Optical Radio link - Giant Radio Pulses
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Crab - rising edge
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Optical/NIR Magnetars 
4U 01642+61 : Wang et al, 2006, Nature, 440, 772



4U01642+61 : Dhillon et al, 2006, 363, 609 
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HTRA Science Case II  
Close Binary Systems

X-ray-Optical cross-correlations 
observed by UltraCam and Optima 

Shown are UltraCam observations of 
the black-hole accretor GX339-4 - 
Gandhi et al (2008) 

Time scales < 1 sec 
Optical Autocorrelation indicated 
synchrotron emission from a possible 
jet structure rather than being driven 
by X-ray reprocessing. 

GX339-4 is reasonably bright V~17. 
Other objects considerably fainter - 
E-ELT required to look at spectral 
variability 
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Casella et al, 2020,MNRAS, 404, L21 - RXTE + ISAAC : GX 339-4

Variable IR emission coming 
from jet near the BH, 100 ms 
delay wrt X-ray emission 


