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Why	  should	  you	  observe	  pulsars	  with	  ALMA?	  

•  You	  may	  think	  that	  this	  is	  a	  daS	  idea…	  
•  	  Indeed,	  there	  are	  several	  very	  good	  reasons	  not	  to	  do	  it:	  
	  
	  	  	  	  	  	  -‐	  	  Pulsars	  generally	  have	  steep	  flux	  density	  spectra	  
	  
	  
	  
	  
	  
	  
	  	  	  	  	  -‐	  We	  know	  most	  about	  pulsars	  from	  frequencies	  <	  2	  GHz	  (note:	  in	  past	  <	  700	  MHz!)	  
	  
	  	  	  	  	  -‐	  The	  use	  of	  pulsars	  as	  clocks	  scales	  inversely	  with	  the	  signal-‐to-‐noise	  ra=o.	  

Hence,	  using	  mm-‐wavelengths	  is	  not	  ideal…	  



But,	  there	  are	  also	  very	  good	  reasons	  to	  do	  it	  aSer	  all!	  

•  Pulsars	  have	  been	  detected	  at	  mm-‐wavelengths,	  e.g.:	  
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FIG. 1.ÈAligned proÐles of B0329]54 observed at 14.6, 23.05, and 43.0
GHz. The uppermost proÐle appears broadened due to an enhanced
smoothing of the data. The occurring mode switching is clearly seen.

formed at Ðve separate epochs : 1996 July 31 and 1997
January 17/18/19/22. During the July observations the
weather conditions were strongly variable, while during the
January observations they varied only little, from good to
excellent. Resulting system temperatures were about 90 K
for 14.6 and 23.05 GHz and 250 K for 43 GHz in 1996 July,
and about 70 K for 14.6 and 23.05 GHz and 150 K for 43
GHz in 1997 January. The half-power beamwidths at 14.6,
23.05, and 43 GHz are 53A, 34A, and 20A, respectively.
During regular pointing observations made approximately
every hour in each session, we determined pointing errors of

TABLE 1

RESULTS OF OBSERVATIONS

Frequency Time Flux Density
Pulsar (GHz) Pulses (minutes) (mJy)

B0329]54 . . . . . . 14.60 7340 87.4 0.5 ^ 0.1
23.05 2380 28.3 0.3 ^ 0.8
43.00 16520 196.7 0.15 ^ 0.06

B0355]54 . . . . . . 14.60 26030 67.8 2.0 ^ 0.5
23.05 28595 74.5 0.8 ^ 0.2
43.00 66690 173.7 0.5 ^ 0.1

B1929]10 . . . . . . 14.60 11418 43.1 1.1 ^ 0.1
23.05 5412 20.4 0.33 ^ 0.08
43.00 15774 60.0 0.18 ^ 0.05

B2021]51 . . . . . . 14.60 5600 49.4 1.3 ^ 0.1
23.05 8428 74.3 0.45 ^ 0.09
43.00 23688 208.8 0.25 ^ 0.03

FIG. 2.ÈPulse proÐles of B0355]54 (top) and B2021]51 (bottom)
observed at 43.0 GHz.

about 5A in 1996 July and typically 3A during the much
better conditions in 1997 January.

The digitized receiver signals were sampled every P/1024
s and accumulated synchronously with the calculated topo-
centric pulse period P, with independent recordings of the
LHC and RHC signals. Individual records of 15 s sub-
integrations were transferred to disk for further o†-line
analysis. In general, selected pulsars were Ðrst observed at
14 GHz, then switched to higher frequencies in less than 1
minute, allowing a quasi-simultaneous spectral study at
three frequencies.

The Ñux densities of the observed pulsars were deter-
mined and calibrated by switching an internal noise diode,
fed directly into the waveguide following the horns, during
the Ðrst 50 sampling intervals of the pulse period. The
amplitude of the calibration signal visible at the beginning
of a pulse window was compared to the pulse strength, and
additionally compared to observed Ñux densities of well-
known reference sources such as NGC 7027 or W3 OH (Ott
et al. These latter calibrations were regularly per-1994).
formed during the normal pointing observations. A detailed
description of the observing system and the adopted reliable
calibration procedure can be found in et al.Kramer (1996).

3. RESULTS

The aim of these observations was to gather data on the
four pulsars that are brightest at 32 GHz (9 mm), i.e., PSRs
B0329]54, B0355]54, B1929]10, and B2021]51. The
latter two sources were of particular interest since they were
reported to show anomalous spectral behavior at millimeter
wavelengths, i.e., an upturn or Ñattening in the spectrum

et al. All four pulsars were successfully(Kramer 1996).

D. Morris et al.: Pulsar detection at 87 GHz L19

Fig. 1. Observed pulse profiles of PSR B0355+54 at several radio fre-

quencies between 1.4 GHz and 87 GHz. Flux density on an arbitrary

scale, and different for each frequency,has been plotted vertically. The

time resolution is 153µs for frequencies between 1.4 and 14.6 GHz,

458µs for 23.05 GHz and 763µs for the 43 GHz observations.The 87

GHz profile represents the Pico Veleta measurement smoothed to a

time resolution of 4 ms.

Effelsberg radiotelescope of the MPIfR (unpublished data and
data presented by Kramer et al. 1997b). The 87 GHz profile has
been smoothed by applying a 4 ms running mean to the data, and
yields a 5! detection. The profiles presented have been aligned
in time, referring to time of arrival at the solar system barycen-
tre calculated for an infinite frequency. A detailed description of
this procedure can be found in Kramer et al. (1997a). The occu-
rance of the 87 GHz pulse at phase zero confirms the detection
convincingly.

We estimate the average flux density to be 0.5 mJy with a
3! uncertainty of ±0.2 mJy. This error estimate is based on
the observed noise level together with a contribution to allow
for calibration uncertainties (±20%). As a pulse width for PSR
B0355+54 we estimate w50 = 6! ± 4!, which is consistent with
observations at 43 GHz.If we assume a Gaussian pulse shape
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Fig. 2. Pulse spectra for PSRs B0355+54 (top) and B2021+51 (bottom).

The measurements made at 87 GHz are presented as an open triangle

and as an upper limit (at a 5! level), respectively. For references of flux

densities at lower frequencies see text.

this corresponds to a pulse width at 10% of pulse maximum of
w10 = 11!±7! where the quoted error contains an allowance for
the undetected trailing component of the pulse which is observed
at lower frequencies.

In the case of PSR B2021+51 no pulse was detected in a total
of 10 hours integration. In accordance with previously published
work (e.g. Kramer et al. 1996), we estimated a (5!) upper limit
of 0.78 mJy for the flux density by assuming the pulse width as
observed at 43 GHz (Kramer et al. 1997b).

The resulting spectra of the two pulsars are presented in
Fig. 2, including data published by Malofeev et al. (1994),
Lorimer et al. (1995), Kramer (1995) and Kramer et al. (1996).
For PSR 0355+54 we note that, within the measurement errors,
the present result for the flux density at 87 GHz appears to be the
same as measured at 43 GHz (Kramer et al. 1997b). It is thus
larger than expected from an extrapolation of a fit to the lower
frequency points. However the errors are such that all points at
frequencies greater than 1.2 GHz are just consistent with a sin-
gle power law spectrum with a spectral index of !1.14 ± 0.03
and a "2-probability of 0.04.
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But,	  there	  are	  also	  very	  good	  reasons	  to	  do	  it	  aSer	  all!	  

•  Pulsars	  have	  been	  detected	  at	  mm-‐wavelengths	  
•  So	  far,	  	  

O. Löhmer et al.: Pulsar observations at 9 millimetres 625

Table 1. Results of observations at 32 GHz.

PSR Pulses Time Flux density No. of
total (min) (mJy) measurements

New detections:
B0144+59 30 552 99.8 0.062 ± 0.006 2
B0823+26 24 752 218.9 0.023 ± 0.0010 2

12 516 111.0 <0.170 0 (K95)!
B2022+50 9720 60.4 0.046 ± 0.009 1

Re-detections:
B0355+54 17 480 45.6 0.76 ± 0.14 2

57 095 148.8 0.8 ± 0.2 6 (K95)
B1133+16 2148 42.5 0.055 ± 0.06 1

13 920 275.4 0.03 ± 0.02 2 (K95)
B1706"16 8712 94.8 0.07 ± 0.01 1

11 154 121.2 0.06 ± 0.01 2 (K95)
B1929+10 15 708 59.3 0.19 ± 0.02 1

13 3188 502.8 0.21 ± 0.01 6 (K95)
B2020+28 6278 35.9 0.06 ± 0.01 1

41 065 235.2 0.09 ± 0.02 1 (K95)
B2021+51 3752 33.1 0.28 ± 0.03 1

61096 349.8 0.323 ± 0.007 9 (K95)
Upper flux limits:

B0154+61 4578 179.0 <0.06
B0611+22 32 076 179.0 <0.09
B0628"28 2256 46.8 <0.3
B0740"28 16 554 46.0 <0.17
B1604"00 5460 38.4 <0.13
B1642"03 7334 47.4 <0.3
B1822"09 2888 37.0 <0.13
B1935+25 6734 22.6 <0.9
B2000+32 8946 103.9 <0.08
B2319+60 3168 119.0 <0.3
B2323+63 2490 59.6 <0.6
B2334+61 4830 39.9 <0.4

! The designation (K95) refers to earlier observations reported by
Kramer (1995).

observed approximately every hour, checking both pointing and
focus stability. Typical pointing errors were rms # 5$$, compared
to a beamwidth of 23$$ at 32 GHz. Flux densities for the cho-
sen reference sources were obtained from the catalogue of Peng
et al. (2000). Uncertainties in the resulting pulsar flux densities
are estimated to be about 20% for a single observation.

4. Results

In total, we observed a sample of 21 pulsars. The results of
the measurements are summarised in Table 1. We were able to
detect PSRs B0144+59, B0823+26, and B2022+50 at 32 GHz
for the first time, determining their flux densities at their so far
highest observation frequency. The time-aligned profiles of these
sources measured at 4.85, 8.35, and 32 GHz are shown in Fig. 1,
while their resulting spectra are displayed in Fig. 2. Flux den-
sities shown for lower frequencies are taken from the literature
(Maron et al. 2000) or from unpublished observations.

We also successfully observed all those pulsars that were al-
ready detected by Wielebinski et al. (1993), Kramer (1995), and
Kramer et al. (1997). The measured flux densities are in very
good agreement with previous observations.

For those pulsars that were not detected, we estimate up-
per flux limits following the procedure described by Sieber, &
Wielebinski (1987). The upper limit is based on an estimate of
five times the RMS of the noise signal multiplied by the equiv-
alent pulse width. For our sample we used the pulse width W50

at the highest known frequency as given in the EPN pulsar data
base2 or by Kramer et al. (1994) or Kijak et al. (1998).

5. Discussion

5.1. Turn-up at high frequencies?

Our results confirm all previously published measurements of
flux densities of pulsars at mm-wavelengths. We also present
spectral information for three newly detected pulsars at mm-
wavelengths. No new turn-up in the spectrum was found. The
spectra of the newly detected pulsars follow the trends deter-
mined from observations at lower radio frequencies. While on
one hand this gives us great confidence in the reliability of the
adopted calibration procedure, it does suggest, on the other,
that a spectral turn-up at a frequency as low as 30 GHz is the
exception rather than the rule. We note that the spectrum of
PSR B0144+59 shows a peculiar “kink” at 3 GHz to 10 GHz,
which may be misinterpreted as a “turn-up” or definite “flat-
tening” unless data above 10 GHz are considered (cf. Kijak &
Maron 2004). We believe that this is caused by the peculiar high-
frequency profile evolution of this source, which will be studied
elsewhere. In any case, it adds to the notion that some pulsar
spectra may not be adequately described by simple power laws.
Moreover, in view of the evidence that individual pulsar spectra
are quite di!erent (di!ering not only in shape but also e.g. in the
location of the low-frequency turn-over, spectral index, and the
possible existence of a spectral steepening (Maron et al. 2000),
it would be rather naive to assume that all pulsars show identical
behaviour in the narrow frequency range probed by our mm-
observations. Hence we should not expect to detect a spectral
turn-up for all pulsars at 32 GHz. Instead, the known diversity
of pulsar properties may indeed eventually reveal a turn-up or
flattening of pulsar spectra at higher or even at lower frequen-
cies (Kijak & Maron 2004).

5.2. The shape of pulsar spectra

Although pulsar spectra are traditionally described by a power
law S ! % S " with " about –1.6 (Sieber 1973), many of the ob-
served spectra turned out to fit badly to that concept. A number
of additional characteristic features are traditionally employed
to describe more complex pulsar spectra : some of them exhibit
a turn-over at low !, some have a “broken power law”, some a
turn-up or flattening, etc. The original rationale was the analogy
of synchrotron radiation, which has a power-law spectrum, so
that radio astronomers initially tried to model most observations
in terms of power laws. But one of the implicit assumptions was
that one wanted to model a temporarily continuous and spatially
large-scale radiation mechanism. The observations have, how-
ever, come up with strong variability on timescales from days
down to nanoseconds (GRPs). A few attempts have been made to
fit another function to a pulsar spectrum, most notable Ochelkov
& Usov (1984), who proposed a six-parameter model equation:

S (!) =
S 0 · !a!

1 +
"
!
!b

#b
$ "

1 +
"
!
!c

#c# · (1)

Nearly all observed spectra can be described with a suitable
choice of these six parameters. In Ochelkov & Usov’s model of
curvature radiation of plasma bunches, the parameters a, b, and c

2 http://www.jb.man.ac.uk/research/pulsar/Resources/
epn/

9	  sources	  @	  32	  GHz	  
4	  sources	  @	  43	  GHz	  
1	  source	  @	  87	  GHz	  

Löhmer	  et	  al.	  (2008)	  

Note: 
- need more sensitivity 
- 72% of all pulsars δ < 0 deg 
- no appropriate telescope 
  in the South – so far! 
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Figure 7. Multiwavelength unabsorbed spectra for the Vela and Geminga pulsars from the radio to hard !-rays compiled from the data
obtained with di!erent instruments, as indicated in the plots. Mid-IR fluxes are marked by red circles. Down triangles mark upper limits.
Filled squares in the radio range of Geminga are its radio detections by Malofeev & Malov (1997).

Pulsars	  may	  even	  become	  stronger	  

•  Some	  pulsars	  observed	  at	  9mm	  and	  7mm	  seem	  to	  show	  a	  peculiar	  spectral	  change:	  
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FIG. 4.ÈResulting spectra for B0329]54, B0355]54, B1929]10, and B2021]51. Low-frequency data have been taken from available literature (see
text).

GHz (a \ [2.3 ^ 0.2) gives s2 probability as large as 0.27,
strongly suggesting again that the spectrum is changing, i.e.,
Ñattening, at frequencies above 30 GHz.

Finally, we note that the observations presented here
triggered the observations of B0355]54 at 87 GHz (3 mm)
by et al. using the 30 m IRAM radio telescopeMorris (1997)
in Spain. For details we refer to their paper, but is inter-
esting that this pulsar was successfully detected with a Ñux
density of 0.5 ^ 0.2 mJyÈthe same Ñux density as at 43
GHz.

To summarize, we have observed four sources at the
highest radio frequency ever successfully used to study a
sample of pulsars. While we could detect the known mode
changing for B0329]54 at 43 GHz, all pulse widths (if
corrected for smoothing of data applied to increase the
signal-to-noise ratio) do not change between 10 and 43

GHz, conÐrming the results of et al. More-Xilouris 1996).
over, the measured Ñux densities strongly support the exis-
tence of unusual spectral behavior in some pulsars at
millimeter wavelengths, Ðrst reported by et al.Wielebinski

and et al. i.e., a Ñattening of the spec-(1993) Kramer (1996),
trum.

It is a pleasure to thank D. Lorimer, K. Xilouris, and A.V.
Hoensbroech for great help with the observations and
stimulating discussions. We are grateful to the receiver
group of the MPIR for making the observations possible.
This work was partly supported by the European Commis-
sion in context of the Pan European Pulsar Network
(EPN), HCM Research Network contract No. CHRX-
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•  This	  does	  not	  come	  totally	  unexpected,	  e.g.	  we	  know	  from	  the	  Crab	  that	  its	  infrared	  
	  	  	  	  	  	  flux	  density	  is	  much	  higher	  than	  the	  high-‐frequency	  radio	  flux	  density	  
•  Similar	  observa=ons	  also	  for	  Vela	  and	  Geminga	  The Vela and Geminga pulsars in the mid-infrared 11

9 12 15 18 21 24 27
Log ν  [ Hz ]

-9

-6

-3

0

3

6

Lo
g 

F ν
  [

 µ
Jy

 ] 
 

Chandra
atm+PL 

RXTE
OSSE

EGRET

VLT+
Spitzer

Fermi-LAT

NTT

Radio

atm

HST+

-9 -6 -3 0 3 6 9
Log E  [ keV ]

COMPTEL

Vela

9 12 15 18 21 24 27
Log ν  [ Hz ]

-5

0

5

Lo
g 

F ν
  [

 µ
Jy

 ]
  

Fermi-LAT

EGRET
OSSE

OSSE

COMPTEL
RXTE

Chandra
sBB+hBB+PL

NIR+opt+
FUV

hard BB

soft BB

Spitzer

Whipple
Tata group

Radio

-9 -6 -3 0 3 6 9
Log E  [ keV ]

Geminga

Figure 7. Multiwavelength unabsorbed spectra for the Vela and Geminga pulsars from the radio to hard !-rays compiled from the data
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Transi=on	  from	  coherent	  to	  incoherent	  emission	  

•  Note:	  radio	  emission	  is	  known	  to	  be	  coherent	  –	  brightness	  temperatures	  >1038K!	  
•  In	  contrast,	  infrared	  and	  op=cal	  emission	  is	  incoherent	  
•  The	  striking	  radio	  proper=es	  are	  not	  understood,	  i.e.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  short	  nano-‐second	  pulses	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  very	  high	  brightness	  temperatures	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  up	  to	  100%	  linearly	  polarized	  (also	  with	  circular	  component)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  steep	  radio	  spectrum	  (average	  S	  α	  ν-‐1.7,	  but	  spectral	  indices	  from	  0	  to	  -‐3.4)	  
	  	  	  	  	  	  but	  are	  thought	  to	  be	  the	  result	  of	  the	  specific	  coherence	  process	  
•  There	  should	  always	  be	  an	  underlying	  incoherent	  component	  to	  the	  emission,	  e.g.	  

Michel	  (1978,	  1982)	  
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Figure 8.1: Idealized spectrum expected for curvature emission of bunched particles adapted
from Michel (1978, 1982, 1991). The coherent radiation is enhanced with respect to the
incoherent emission by a factor corresponding to the number of particles within a bunch.

part of the spectrum is determined by the actual form of the particle bunch. Saggion

(1975) finds for a bunch elongated in direction of its relativistic velocity moving along

curved magnetic fieldlines a spectral index of !5/3 " !1.7, consistent with the mean

value found for the whole population (Taylor et al. 1993). The actual frequency of

the spectral turn-up depends on the intrinsic coherence length and is not necessarily

expected at radio frequencies (cf. Michel 1978). Therefore, it is surprising that the

shown qualitative picture seems to resemble the observations fairly well.

Coherent curvature emission of bunched particles has always been a widely favored

model to explain pulsar radiation (e.g. Komesaro! 1970, Ruderman & Sutherland

1975, Cordes 1979, Lyne & Smith 1990). Indeed, there are compelling arguments sug-

gesting the validity of this picture. Curvature radiation of outflowing particles emitted

in a narrow cone of width !!1 will be created anyway and its intrinsic polarization

properties are very similar to those actually observed in pulsars (e.g. Radhakrishnan

& Cooke 1969, Michel 1987, Gil & Snakowski 1990). Moreover, other phenomena like

drifting subpulses (Ruderman & Sutherland 1975) or microstructure (Boriako! 1992)

can also be explained in context of curvature emission radiated by bunched particles.

This model has, however, still fundamental problems, i.e. so far no mechanism could

So far, emission process is unknown! 
 
But, finding the transition frequency 
between the coherent and incoherent 
part would gives us the important 
Unknown intrinsic coherence length 
           è coherent process!?! 



Magnetars	  and	  Pulsars	  

•  A	  special	  class	  of	  neutron	  stars	  are	  magnetars:	  	  periods	  5-‐12	  s,	  B-‐fields	  >1014	  G	  
•  Visible	  as	  transient	  radio	  sources,	  possibly	  triggered	  by	  high-‐energy	  outburst	  
•  Magnetars	  share	  many	  radio	  emission	  proper=es	  (e.g.	  100%	  polarisaed),	  but…	  
•  …they	  have	  a	  very	  flat	  (and	  variable)	  spectrum	  –	  detected	  at	  up	  to	  144	  GHz!	  	  

varied on each night by up to 20% at 88 GHz and 50% at
144 GHz.

Due to large changes in the atmospheric conditions at IRAM
on timescales of tens of seconds to several minutes, folding each
XTE J1810!197 time series modulo the 5.54 s pulse period (us-
ing the contemporary radio ephemeris; x 2.2) resulted in a strongly
varying off-pulse baseline that greatly reduced the sensitivity to
the detection of pulsations. In addition, periodic interference con-
taminated the H polarization and severely degraded the V polar-
ization, greatly increasing the off-pulse noise levels in the folded
profiles. We believe that these signals, at 50 and 100 Hz, as well
as many harmonics of 1 Hz, are locally generated compressor-
related interference.

In order to combat these issues, we filtered the data in twoways.
First, to remove the low-frequency noise below "0.1 Hz (due
primarily to the changing atmosphere), we high-pass filtered each
time series using a third-order Bessel filter. We then Fourier trans-
formed the time series and clipped the Fourier amplitudes of the
strong 1 Hz harmonics as well as the prominent 50 and 100 Hz
signals. Finally, we inverse Fourier transformed the data to re-
generatemostly interference-free time series,whichwe then folded.
After filtering, the V polarization sensitivity to pulsed signals re-
mained significantly worse than that of the H polarization. The
pulsar was not detected in the V polarization. In the H polariza-
tion, the pulsarwas clearly visible on both days at 88GHz (3.4mm)
and 144 GHz (2.1 mm; Fig. 1), and was not detected at higher
frequencies.

We determined the period-averaged flux density bymeasuring
the area under the profiles and dividing by the pulsar period. This
was converted to an absolute Jansky scale using the hourly flux
calibration scans, from which the system equivalent flux density
Ssys was calculated for each frequency and polarization. The off-
pulse profile rms then corresponds to Ssys(BT )!1/2 for a bandwidth
B and an integration time T, where Ssys is corrected for air-mass
attenuation exp (!! /sin "), and ! is the measured zenith opacity.
The ranges of Ssys obtained for each observation are listed in
Table 1.

It is clear from Figure 1 that the observed flux density can vary
greatly with time. Changing weather conditions and elevation ac-
count for only up to 10% of this variation in the July 19 data,
displayed in the left panel of the figure (see Table 1). A great por-
tion of the variation is most likely caused by interstellar scin-
tillation (see Camilo et al. 2006). As an average, we estimate the
flux density to have been 1.2 mJy at both 88 and 144 GHz, with a

fractional uncertainty on the absolute values of about 25% (see
Fig. 2 and Table 2). In order to calculate approximate flux density
limits for nondetections, we assume a threshold signal-to-noise
ratio of 5 and a pulse duty cycle of 2%. For example, on July 19
we obtain S224P0:9 mJy.

The observed flux density was so great on July 19 toward the
end of the third scan (Fig. 1) that wewere able to detect numerous
individual pulses from XTE J1810!197 at 88 GHz. On this day
we detected single pulses with signal-to-noise ratio >4 from about
15% of all rotations of the neutron star (Fig. 3). The largest pulses
had a peak flux density of "45 Jy, comparable to the strongest
celestial sources known at 3 mm with the exception of the Sun,
Jupiter, and Venus (although only for "1 ms out of every "5 s).
On July 21 we also detected single pulses at 88 GHz.

Following these detections, we monitored the pulsar at 88/224
GHz on five occasions between 2006 December and 2007 April,
using identical observing parameters. These latter observations
were done in winter and early spring, under better weather con-
ditions (Table 1). The pulsar was detected on two of these occa-
sions, at 88GHz in theH polarization, inDecember andApril, with
S88 # 0:2 0:3 mJy (see Table 2). In 2007 April, S224P 0:4 mJy.

2.2. Radio: Parkes, Nançay, GBT, VLA, and ATCA

Because the intrinsic flux density and pulse profile of XTE
J1810!197 vary on"1 day timescales, determination of a spec-
tral index ideally requires simultaneous multifrequency observa-
tions. We therefore observed at Parkes, Nançay, the Green Bank
Telescope (GBT), and the Very Large Array (VLA) on 2006 July
19–20, nearly simultaneously with IRAM. Table 2 lists these and
all dual-frequency observations at the VLA and the Australia
Telescope Compact Array (ATCA). Themethods used have been
described elsewhere (see Camilo et al. 2006, for Parkes and GBT;

TABLE 1

Sensitivity of XTE J1810!197 Observations at IRAM

Date

(MJD)

S#1Hsys

(Jy)

S#1Vsys

(Jy)

S#2Hsys

(Jy)

S#2Vsys

(Jy)

53935.............. 692–783 775–843 5640–7850 6430–8960

53936.............. 1780–2590 1640–2420 23000–53400 23400–55000

53937.............. 702–862 775–942 4290–10700 4940–12100
54079.............. 632–650 725–729 2130–2270 2400–2560

54118.............. 660–693 757–815 2650–2810 2800–3000

54172.............. 608–725 706–832 2250–2910 2440–2800
54180.............. 582–631 687–740 1900–2080 2080–2290

54207.............. 590–642 698–750 2700–3040 2810–3120

Notes.—OnMJD 53936 center frequencies were #1 # 144 and #2 # 264 GHz,
respectively; on all other days, they were 88 and 224 GHz. For each frequency,
we provide the range of measured system equivalent flux density separately for
the H and V polarizations (see x 2.1). These were all corrected for air mass, mea-
sured hourly. The bandwidths used were 1 GHz at 88 GHz, and 2 GHz at other
frequencies.

Fig. 2.—Period-averagedfluxdensities of XTEJ1810!197 across the frequency
range 1.4–144 GHz obtained over a period of 2.5 days (see xx 2.1 and 2.2),
plotted as a function of frequency (top) and date (bottom). For each combination
of frequency and telescope we use a unique symbol that is common to both plots.
At 1.4 GHz, multiple symbols represent the following data: Parkes (open tri-
angles), Nançay ( filled triangle), and VLA (open square). With the exception of
the VLA measurements whose flux density uncertainties are recorded in Table 2,
the fractional uncertainties are "25%.
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Camilo	  et	  al.	  (2007)	  XTE	  J1810-‐197)	  

! ! "1 in 2006 November. This further supports the notion that
the spectrum of XTE J1810"197, while variable with ! ranging
between approximately 0 and "1, may have become generally
steeper after mid-2006.

2.3. Infrared: Gemini and VLT

We obtained a near-IR Ks-band (2.15 "m) observation of
XTE J1810"197 at Gemini-North on 2006 September 14. We

used the adaptive optics (AO) system Altair with the near-IR
imager NIRI (Hodapp et al. 2003). With this configuration, the
1024 ; 1024 pixel Aladdin InSb array covers 22 ; 22 arcsec2 at
21:9 mas pixel"1. For photometric calibration, aswell as the astro-
metric analysis described in Helfand et al. (2007), we also analyzed
Ks-band observations taken on 2003 September 18 with NIRI on
Gemini without the AO system (for which the detector covers
2 ; 2 arcmin2 at 117 mas pixel"1; 19 minute exposure time).

Fig. 4.—Average pulse profiles of XTE J1810"197 obtained at frequencies spanning 1.4–144 GHz over a period of 1.5 days, at Parkes, GBT, and IRAM. Each profile is
labeled by the telescope used, the date (MJD) of the observation, the central frequency, and, in parentheses, the bandwidth and integration time used. IRAM profiles include
data from only one polarization (see x 2.1), and are displayed with 256 phase bins. Parkes and GBT profiles have 1024 bins. Profiles were aligned by eye such that the peak
pulse component arrives near phase 0.15. The FWHM of these profiles are, in order of increasing frequency, 4.2%, 2.2%, 1.7%, 1.6%, 1.3%, and 1.3% of the pulse period.
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•  Magnetars	  promise	  to	  be	  an	  important	  Roseta-‐stone	  for	  understanding	  pulsars!	  	  



Galac=c	  Pulsar	  Popula=on	  

Kramer	  et	  al.	  (2003)	  

Lorimer	  et	  al.	  (2006)	  

Observed	  

Derived	  

We	  only	  see	  <10%	  of	  all	  
pulsars,	  even	  much	  less	  
in	  the	  Galac=c	  Centre!	  
severe	  selec=on	  effects	  
in	  the	  centre	  region!	  

•  Observing neutron stars high radio frequencies is obviously important 
•  ...but finding them is pehaps even more important 



•  	  We	  have	  only	  probed	  the	  outer	  layer	  of	  the	  Galac=c	  centre	  popula=on:	  
•  	  using	  a	  nominal	  distance	  of	  8.33	  kpc	  (Gillessen	  et	  al.	  ‘09),	  the	  closest	  we	  get	  is	  about	  20	  pc!	  

Searching	  for	  pulsars	  in	  the	  Galac=c	  Centre 

Parkes/Effelsberg	  
(Johnston	  et	  al.	  2006	  
	  &	  unpublished	  data)	  

Dedicated	  surveys	  so	  far	  include:	  
-‐	  Effelsberg	  (4.9	  GHz,	  Klein	  et	  al.	  ’99	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  19	  GHz,	  Eatough	  et	  al.))	  
-‐	  GBT	  (1.8	  GHz,	  Deneva	  et	  al.	  ‘09;	  	  
	  	  	  	  	  	  	  	  	  	  	  	  14.8	  GHz,	  Macquart	  et	  al.	  ’10	  
	  	  	  	  	  	  	  	  	  	  	  	  	  22	  GHz,	  ongoing	  )	  
-‐	  Parkes	  (2.3/8.5	  GHz,	  Johnston	  et	  al.	  ‘06)	  

PSR J1745-2910% 

* 

%Deneva et al. (2009) 

Macquart	  et	  al.	  (2010)	  

Background:	  
Seiradakis	  et	  al.	  (1989)	  

 Current state of art: 



The	  inhomogeneous	  ionized	  ISMs	  	  smears	  and	  scaters	  the	  pulses	  (NB:	  dispersion	  is	  easy…)	  :	  

Selec=on	  effects	  –	  Why	  is	  it	  so	  hard? 



The	  inhomogeneous	  ionized	  ISMs	  	  smears	  and	  scaters	  the	  pulses	  (NB:	  dispersion	  is	  easy…)	  :	  

Selec=on	  effects	  –	  Why	  is	  it	  so	  hard? 

Bhat	  et	  al.	  (2004)	  



The	  inhomogeneous	  ionized	  ISMs	  	  smears	  and	  scaters	  the	  pulses	  (NB:	  dispersion	  is	  easy…)	  :	  

Selec=on	  effects	  –	  Why	  is	  it	  so	  hard? 

Bhat	  et	  al.	  (2004)	  

Expected	  scatering	  =me	  is	  enormous:	  

Cordes	  &	  Lazio	  (1997)	  

è	  In	  par=cular	  at	  the	  centre:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  At	  “normal”	  search	  frequencies	  pulses	  are	  undetectable!	  
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many pulsars and used to study the distribution of ionized
microturbulence in the Galaxy et al.(Cordes 1991).

The pulse broadening due to the screen responsible for
the scattering of Sgr A* has an e~1 timescale

qGC(DGC) D f

A*GC
DGC

BA
DGC hGC2
8c ln 2

B
, (3)

where the screenÏs location along the line of sight is rep-
resented by the geometric factor1

f (x) 4 x~1(1 [ x) . (4)

The pulse-broadening time for –ducial values of the dis-
tance (8.5 kpc) and scattering diameter at a frequency(1A.3)
of 1 GHz is

qGC(DGC) D 6s.3
A

DGC
8.5 kpc

BAhGC,1 GHz
1A.3

B2lGHz~4 f

A*GC
DGC

B
. (5)

In we have adopted a frequency scaling Pl~4equation (5),
rather than the often encountered l~4.4 scaling because, in
the extremely strong scattering limit, the scattering is domi-
nated by the smallest irregularities in the free-electron
density that are physically present (cf. & LazioCordes

This is consistent with the observed l~2 scaling of the1991).
angular diameter of Sgr A*. The geometric factor is f ] 1 if
the screen is midway along the line of sight. But for screens
very near the GC, f ] x~1 ? 1. Therefore, pulsars at the
same location as the GC will show at least 6.3 s of pulse
broadening at 1 and the pulse broadening may beGHz;2
signi–cantly larger, perhaps as much as 200 times larger,
because the scattering screen may be only 33È100 pc from
the GC. The minimal scattering time of 6.3 s may be com-
pared, at 1 GHz, to the pulse broadening of the most
heavily scattered pulsar, PSR B1849[00 & Clifton(Frail

et al. which is about 0.3 s.1989 ; Clifton 1987),
Pulsars beyond the GC (but still behind the scattering

screen) will show even larger scattering. For a pulsar dis-
tance the pulsar-screen distance is * 4D º DGC [ *GC,

and the pulse broadening from the screen isD [ DGC ] *GC

qGC(D) D qGC(DGC)
A

DGC
D

BA *
*GC

B
. (6)

As a function of distance from the Sun, pulse broadening
increases slowly and according to the model, whichTC
possesses components that grow stronger in the inner
Galaxy. Then just beyond the location of the GC scattering
screen, pulse broadening increases dramatically and con-
tinues to increase. To combine the model and the GCTC
screen component, we write the net pulse broadening as

q \
GqTC ,
(qTC2 ] qGC2 )1@2 ,

D \ DGC [ *GC ;
D º DGC [ *GC .

(7)

Combining the TC and GC-screen scattering times is ad
hoc in form but is sufficiently accurate for our purposes here
because the GC component is much larger than the TC
contribution.

1 Pulse broadening is often expressed in terms of the screen scattering
angle rather than the observed angle Using the equivalent geomet-h

s

h
o

. h
s

,
ric factor is x(1 [ x), which maximizes at x \ 12.2 An early analysis Walsh, & Booth estimated 10 s of(Davies, 1976)
pulse broadening at 1 GHz while implicitly assuming the scattering region
to be midway between us and the GC.

FIG. 2.ÈPulse broadening is plotted against distance for –ve separate
values of the GC-screen distance, 0.05 kpc (thickest line), 0.1, 0.2, 1.0,*GC :
and 4.25 kpc (thinnest line). Left-hand scale applies to 1.4 GHz; the right-
hand scale to 10 GHz. Broadening at other frequencies may be estimated
using the assumed l~4 scaling.

shows the pulse broadening at two frequenciesFigure 2
(1.4 and 10 GHz) for a range of GC-screen distances, *GC \
0.05, 0.1, 0.2, 1.0, and 4.25 kpc. For pulsars beyond the GC,
the pulse broadening asymptotes to qGC(DGC)(DGC/*GC) D
105 s at 1.4 GHz and 18 s at 10 GHz.

4. DETECTION OF SCATTERED PULSARS IN

PERIODICITY SEARCHES

Pulse broadening decreases the number of harmonics
that exceed a predetermined threshold in the power spec-
trum of the intensity, thereby reducing the sensitivity of a
pulsar search. Consider a train of pulses with period P,
average pulse area duty cycle v, and pulse widthA0,
(FWHM) W 4 vP. The discrete Fourier transform of the
pulse train is a series of spikes at frequencies l/P, l \ 0, 1, . . .
each having an amplitude,

ADFT(l) \ A0 g8 (vl) , (8)

where pulses have a generic shape g(/) in pulse phase /, for
which the continuous Fourier transform is g8 .

We de–ne the intrinsic pulsed fraction of the pulsar Ñux as
the ratio of the fundamental frequency and zero frequency
(DC) amplitudes :

g
P

4
KADFT(1)
ADFT(0)

K
\
K
g8 (v)
g8 (0)

K
\ exp

C
[
A nv
2J ln 2

B2D
, (9)

where the third equality is for Gaussian-shaped pulses [i.e.,
g(/) \ exp ([4 ln 2/2)]. For most pulsars, imply-v [ 0.1,
ing g

P

D 1.
Pulse broadening increases the pulse width to W eff D

(W 2 ] q2)1@2 and, hence, the duty cycle to veff 4 W eff/P.
The pulsed fraction becomes

g
P

(s) \ g
P

K
g8 (veff)
g8 (v)

K
B exp

C
[
A nq
2J ln 2P

B2D
. (10)

shows the pulsed fraction plotted against fre-Figure 3
quency for –ve di†erent pulse periods. We have assumed
that the GC screen is near Sgr A* pc).(*GC \ 50



In	  order	  to	  beat	  scatering	  (α	  ν-‐4,	  Löhmer	  et	  al.	  2001),	  we	  need	  to	  go	  high	  frequencies:	  
Problem	  here:	  the	  steep	  pulsar	  spectrum	  

Pushing	  to	  high	  radio	  frequencies 

 Current state of art: Löhmer	  et	  al.	  (2001)	  

Macquart	  et	  al.	  (2010)	  

•  The	  trick	  is	  to	  find	  a	  compromise	  in	  frequency,	  balancing	  scatering	  and	  flux!	  
•  Very	  recent	  non-‐detec=ons	  at	  GBT	  and	  Effelsberg	  suggest	  even	  higher	  frequencies!	  
•  We	  need	  a	  big	  telescope	  in	  the	  South	  for	  high	  frequencies	  –	  phased	  ALMA!	  



Probing	  the	  Galac=c	  Centre	  and	  SGR	  A*	  

• 	  We	  have	  evidence	  for	  past	  forma=on	  of	  massive	  stars	  in	  the	  Galac=c	  Centre,	  i.e.	  massive	  

	  	  	  	  stars	  and	  the	  remnants	  are	  being	  observed	  	  

•  It	  is	  a	  region	  of	  high	  stellar	  density,	  so	  exchange	  interac=on	  can	  produce	  all	  types	  of	  

	  	  	  	  	  	  binary	  companions,	  we	  can	  expect	  all	  kinds	  of	  extreme	  binary	  systems	  

•  	  …e.g.	  Faucher-‐Giguere	  &	  Loeb	  (2011)	  predict	  highly	  eccentric	  stellar	  BH-‐MSP	  systems	  

•  We	  can	  even	  expect	  >	  1000	  pulsars,	  including	  millisecond	  pulsars	  (Cordes	  et	  al.	  	  2012)	  

•  We	  can	  probe:	  

	  	  	  	  	  	  	  	  	  	  	  -‐	  star	  forma=on	  history	  (from	  characteris=c	  ages	  of	  pulsars)	  

	  	  	  	  	  	  	  	  	  	  	  -‐	  local	  gravita=onal	  poten=al	  (from	  pulsars	  as	  accelerator-‐meters)	  

	  	  	  	  	  	  	  	  	  	  	  -‐	  distribu=on	  and	  proper=es	  of	  central	  ISM	  (from	  DM	  and	  scatering)	  

	  	  	  	  	  	  	  	  	  	  	  -‐	  proper=es	  and	  strength	  of	  central	  magne=c	  field	  (from	  Faraday	  rota=on)	  

•  And	  even	  more	  important,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  a	  single	  normal	  pulsar	  will	  be	  sufficient	  to	  probe	  SGR	  A*	  	  (Liu	  et	  al.	  2012)	  



Finding	  pulsars	  with	  ALMA	  I.	  

• 	  We	  need	  a	  phased	  ALMA!	  

• 	  The	  effects	  for	  scatering	  and	  dispersion	  are	  heavily	  reduced	  
• 	  here:	  for	  a	  screen	  loca=on	  at	  	  ~50	  pc	  from	  SGR	  A*	  (“worst	  case”)	  
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• 	  In	  principle,	  we	  can	  find	  even	  millisecond	  pulsars	  in	  the	  Galac=c	  Centre!	  

• 	  These	  could	  be	  in	  extremely	  interes=ng	  binaries	  

• 	  But	  do	  we	  have	  the	  sensi=vity…?	  



Finding	  pulsars	  with	  ALMA	  II.	  

• 	  In	  the	  following	  I	  assume	  50	  12-‐m	  dishes	  and	  compare	  it	  with	  the	  best	  GBT	  searches:	  

	  	  	  	  	  tint	  =	  5.5	  hrs*	  and	  BW	  =	  7.5	  GHz	  	  (see	  also	  ALMA	  Technical	  handbook)	  

•  Scaling	  everything	  to	  a	  nominal	  search	  frequency	  and	  compare	  luminosi=es:	  944 MACQUART ET AL. Vol. 715

Next, the S/Ns of our candidates peak at dispersion measures
of ! 3000–4000 pc cm"3, comparable to values expected for
pulsars at the GC. Unfortunately, our small fractional bandwidth
means that the dispersion in the signal across the band is
very small (#3.6 ms over the 800 MHz bandwidth). This
means that, unlike the situation in low-frequency pulsar surveys,
dispersion cannot be used to test whether the signal is of extra-
terrestrial origin. Finally, the pulse profiles of the candidates are
extremely broad, with a duty cycle of #50%, unlike the narrow
profiles expected for high-frequency pulsar emission. However,
the pulse properties, too, could be affected by the unique GC
environment. For example, the thin-screen approximation might
not be applicable for the scattering, or the screen could be much
closer to the pulsar than typical estimates of #100 pc; both
of these would increase the scattering time and broaden the
pulse profile, even at such a high frequency. Specifically, the
scattering timescale at a frequency of 14.6 GHz for an object
at the GC is 2.5/Dscat s, where Dscat is the distance, in pc, of
the scattering medium from Sgr A*. While the best estimate
of Dscat is #100 pc from angular broadening measurements of
Sgr A* and nearby masers (Cordes & Lazio 1997), the effect of
scattering material close to Sgr A* is much stronger on temporal
smearing than on the angular broadening of background sources.
As such, the angular broadening estimates of Dscat do not rule out
a substantial contribution to the pulse broadening from material
closer to Sgr A*. One may hence have a sizeable contribution
to the pulse broadening from material at Dscat ! 10 pc (e.g.,
Macquart & Bower 2006). The expected temporal smearing
timescale would then be "250 ms, comparable to that needed
to explain the pulse shape of the 607 ms candidate. The large
observed duty cycle of the candidate thus does not rule out the
possibility that the signal arises from a genuine pulsar.

It thus appears very difficult to rule out the reality of the
candidate on the basis of the 2006 data alone, and, as noted
above, the non-detection in 2008 could arise due to precession
of the pulsar beam away from our sightline. Thus, while we
remain skeptical about the reality of these signals, we conclude
that further observations are needed to test the possibility that
they arise from a genuine pulsar at the GC.

4.2. Constraints on the GC Pulsar Population

There is compelling but indirect evidence for a substantial
population of neutron stars at the GC. However, strong interstel-
lar scattering along the line of sight has limited past searches
for radio pulsars. To overcome these effects, we have used the
superb sensitivity of the GBT to carry out a deep search for
pulsars in the central parsec of the GC at 15 GHz—the highest
observing frequency at which a search has been carried out to
date. Despite this, we find no convincing pulsar candidates. Was
our survey sufficiently sensitive to detect a population of pulsars
around Sgr A*?

The total number of pulsars detectable at the GC depends
on the total number of pulsars accumulated in the region, and
the fraction of these objects that would be detectable given our
survey sensitivity, and the S/N considerations of Section 2.
The detectable fraction depends particularly on the number of
pulsars with flat spectral indices, since these objects influence
the pulsar luminosity function most strongly at frequencies
>10 GHz where they are most easily detectable toward Sgr A*.

A simple estimate of the number of detectable pulsars can
be obtained by positing that the Sgr A* pulsar population
has similar properties to those of the known population of
pulsars and to estimate the fraction of the known population

Figure 6. 1.4 GHz luminosities of the known sample of pulsars vs. pulse periods
(blue dots). Larger circles (red dots) indicate those pulsars within 1$ radius of
Sgr A*. The 10! pulsar sensitivity of our 14.6 GHz search is shown by the solid
red line. This was obtained by using the flux density limit (10 µJy at 10! ) of
our survey to calculate the luminosity limit at the distance of the GC and then
scaling the result to a frequency of 1.4 GHz, using an average spectral index
of %"& = "1.7. We also show sensitivity curves derived in the same manner
for a Parkes 8.4 GHz pulsar survey of the GC (the dashed red line, with a 10!
detection threshold of 200 µJy; Johnston et al. 2006), and a deep 22.5 GHz
VLA image of the GC (the dotted green line, with a 10! detection threshold of
200 µJy; Zhao et al. 2009).

that would be detectable at the GC with our survey. This is
shown in Figure 6, where we have plotted pulsars with measured
1.4 GHz luminosities (from the Manchester et al. 2005 catalog)
on a period–luminosity diagram. The solid red line shows the
pulsar sensitivity curve of our 14.6 GHz survey, obtained using
Equations (1)–(3) with a 10! detection threshold of 10 µJy,
and assuming a 10% pulsar duty cycle, a scattering screen
distance Dscat = 133 pc (Section 2), and a GC dispersion
measure of 1700 pc cm"3. The sensitivity curve has been scaled
to 1.4 GHz using a mean pulsar spectral index of "1.7. The
cutoff in period where most of the sensitivity is lost is taken
to be at Pspin = 2 ' #scat. This is less severe than the scatter-
based sensitivity cutoff in Figure 1 but does reflect the fact that
some partially recycled or young pulsars (i.e., P < 50 ms)
would be detectable if they were much brighter than our noise
threshold.

For comparison purposes, this figure also shows the 8.4 GHz
sensitivity curve for the Parkes GC survey (Johnston et al. 2006),
and the 5! noise threshold for a deep imaging survey of the GC
at 22.5 GHz, using the Very Large Array (VLA; Zhao et al.
2009), again scaling both of these to a frequency of 1.4 GHz
using a mean spectral index of "1.7. We also highlight the
seven known pulsars within 1$ of Sgr A*, including four new
ones from Deneva et al. (2009) and Camilo et al. (2009).

A more rigorous estimate can be obtained by computing the
fraction of pulsars detectable above some flux density cutoff by
considering the pulsar luminosity function at $0 = 1.4 GHz,
f0(L), combined with the spectral index distribution, p("). This
is the approach followed by Pfahl & Loeb (2004) and Cordes &
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Measuring	  the	  mass	  of	  Sgr	  A*	  
•  	  Even	  a	  single	  normal	  pulsars	  with	  modest	  =ming	  precision	  is	  sufficient	  to	  do	  amazing	  things	  
•  	  Mass	  measurement	  from	  rela=vis=c	  effects	  using	  GR	  (one	  PK	  parameter	  is	  sufficient,	  	  
	  	  	  	  	  	  	  since	  MPSR	  <<	  MBH):	  	  

Einstein	  delay	  

Shapiro	  delay	  

Precession	  of	  pericenter	  (possible	  	  
“contamina=on”	  by	  frame	  dragging)	  

[	  Liu	  et	  al.	  2012	  ]	  

BH	  mass	  with	  precision	  <	  0.001%	  M! 



Frame	  dragging	  
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cluster searches have used this technique due to previous
limitations in computing power (Anderson 1992). The con-
tinual improvement and availability of more powerful com-
puters, however, means that many more surveys are now
able to incorporate acceleration searches (Lorimer 1998).

In this paper we discuss what one can learn about a
stellar-mass BH by timing its pulsar companion. We focus,
in particular, on the observational determination of the
BHÏs rotation (angular velocity and orientation) and
assume throughout the paper that in addition to the !ve
Keplerian parameters, at least two PK parameters are mea-
sured with high precision, so that we know andM

p
, M

c
,

therefore sin i, i.e., the angle of orbital inclination, i, up to
the ambiguity i ] n [ i. We begin with a brief introduction
to the de!nition of the spin and quadrupole moments of a
rotating body in general relativity and relations between
them (° 2). In ° 3 we give an analytic treatment of the frame-
dragging propagation e†ect and show that it is practically
impossible to observe this e†ect in stellar-mass BH-pulsar
binaries. In ° 4 we concentrate on the orbital dynamics of a
pulsar orbiting a rotating BH and give a detailed investiga-
tion of the precession of the pulsar orbit caused by the spin
(relativistic spin-orbit coupling) and quadrupole moment
(classical spin-orbit coupling) of the BH. In ° 5 we calculate
the secular changes in observable quantities caused by the
relativistic spin-orbit coupling. We show that, in principle,
one can extract the spin of the BH from nonlinear-in-time
changes of the observables that can be approximated by
polynomials in time with sufficient accuracy. We discuss
additional e†ects that can cause secular changes in the
observed parameters, reducing the measurement accuracy
for the BH spin. In ° 6 we outline the prospects of BH spin
determination once a BH-pulsar binary is discovered. In ° 7
we present a method of extracting the quadrupole moment
of the rotating BH from the orbital dynamics of the pulsar
and evaluate its actual measurability. We summarize in ° 8.

2. SPIN AND QUADRUPOLE MOMENT OF A COMPACT

BODY

The external metric of a stationary, axially symmetric
body can be written in the standard form (Bardeen &
Wagoner 1971)

ds2 \ [e2lc2 dt2 ] R2 sin2 hB2e~2l(d/ [ u dt)2
] e2a(dR2 ] R2 dh2) , (1)

where c is the speed of light ; R, /, h are ordinary spherical
coordinates, and the potentials l, B, u, and a are functions
of R and h. Butterworth & Ipser (1976) have calculated the
asymptotic behavior of these potentials for large R. In par-
ticular, the asymptotic behavior of the potentials l and u is
(using c 4 G 4 1)

l \ [M
R

[ 1
12
AM

R
B3 [ q

AM
R
B3

P2(cos h) ] O
A 1

R4
B

, (2)

u \ 2s
AM

R
B3 ] O

A 1
R4
B

(3)

(Butterworth & Ipser 1976 ; Laarakkers & Poisson 1999) ;
M is the bodyÏs mass and s is a dimensionless measure of
the bodyÏs angular momentum (spin), S

s 4
c
G

S
M2 . (4)

The dimensionless parameter q in equation (2) is related to
the quadrupole moment, Q, of the rotating body

q \ c4
G2

Q
M3 . (5)

In the Newtonian limit one has

Q \P
.(R@, h@)R@2P2(cos h@)dV @ , (6)

where is the mass density of matter inside the star. The.
Newtonian theory of self-gravitating, rotating bodies pre-
dicts a certain relationship between the angular velocity of
the bodyÏs rotation and its quadrupole moment due to the
oblateness in the mass distribution (Chandrasekhar 1969).
For the same reason, one now may expect a complicated
relation between the rotational parameter of a star, s, and
its quadrupole moment, q, in relativistic gravity theories.
For a rotating Kerr BH in general relativity s ! 1, for if one
had s [ 1 it would give an unacceptable naked singularity
(see Hawking & Ellis 1973). Furthermore, for a Kerr BH the
quadrupole parameter, q, is uniquely determined by the
rotational parameter s (Thorne 1980 ; Thorne, Price, &
Macdonald 1986)

q \ [s2 . (7)

Similarly for solid extended bodies, Laarakkers &
Poisson (1999) have computed the quadrupole moment of
rotating neutron stars in the interval between 1.0 and 1.8
solar masses using four di†erent EOSs. They have found the
maximum values for s lying in between 0.62 (softest EOS)
and 0.73 (sti†est EOS). For the quadrupole moment of the
mass distribution, q, they have derived a dependence on s
that is well reproduced by the relation

q ^ [Cs2 , (8)

where the constant C takes a value between 2.0 and 12.1
depending on the mass of the NS and the EOS.

For spinning boson stars with large self-interaction the
maximum value for the parameter s seems to be between 3
and 4, and the relation between s and q is rather compli-
cated once s exceeds 0.2 (Ryan 1997). The following
inequality, however, always holds

q [ [10s2 . (9)

Comparing equations (7)È(9) one sees that simultaneous
measurements of the mass, M, spin parameter, s, and the
quadrupole moment, q, of the pulsarÏs compact companion
can lead to an unequivocal identi!cation of its physical
nature.3 Such measurements seem to be a straightforward
way to observationally verify the existence of a rotating
Kerr BH.

3. THE FRAME-DRAGGING PROPAGATION EFFECT IN

HIGHLY INCLINED BINARY SYSTEMS

In Newtonian gravity the rotation of a star contributes
only indirectly to its gravitational !eld through the rota-
tionally induced oblateness of the mass distribution. The
centrifugal Ñattening of the surfaces of equal mass density
caused by the rotation of the star gives rise to a gravita-
tional quadrupole !eld. In general relativity, however, not

3 We are not aware of any calculations done for Q stars.

[	  Liu	  et	  al.	  2012	  ]	  
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BH	  spin	  with	  precision	  ~	  0.1% 

Cosmic	  Censorship:	  S	  <	  GM2/c 

•  Measuring	  the	  orienta=on	  and	  dragging	  of	  the	  orbit	  



Tes=ng	  the	  no-‐hair	  theorem	  

Pulsar	  in	  a	  0.1	  yr	  orbit	  around	  Sgr	  A*:	  
"  	  Secular	  precession	  caused	  by	  quadrupole	  is	  2	  orders	  of	  magnitude	  below	  	  
	  	  	  	  frame	  dragging,	  and	  is	  not	  separable	  from	  frame-‐dragging	  
"  	  Fortunately,	  auadrupole	  leads	  to	  characterisCc	  periodic	  residuals	  of	  order	  milliseconds	  
	  

Simula=on:	  Extreme	  Kerr,	  3	  orbits,	  160	  TOAs	  with	  100	  µs	  error,	  e	  =	  0.4	  

δQ/Q = 0.008 Ú 

No-‐hair	  theorem	  	  ⇒	  	  Q	  =	  -‐S2/M	  	  (units	  where	  c=G=1)	  

[	  Liu	  et	  al.	  2012	  ]	  

No-‐hair	  theorem	  
	  to	  ~1% 



Conclusions	  

•  A	  phased	  ALMA	  would	  allow	  unique	  pulsar	  science	  being	  done.	  
•  It	  promises	  to	  allow:	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  a	  determina=on	  of	  the	  intrinsic	  pulsar	  coherence	  length	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  the	  study	  of	  the	  most	  powerful	  neutron	  stars,	  magnetars,	  at	  the	  highest	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  frequencies	  to	  study	  their	  popula=on,	  proper=es	  and	  links	  to	  pulsars	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  discovery	  of	  pulsars	  and	  even	  millisecond	  pulsars	  around	  SGR	  A*	  (PSR-‐BH?)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  probe	  the	  proper=es	  of	  the	  super-‐massive	  black	  hole	  in	  our	  galaxy:	  
	  
	   BH	  spin	  with	  precision	  ~	  0.1% 

Cosmic	  Censorship:	  S	  <	  GM2/c 

BH	  mass	  with	  precision	  <	  0.001% 

BH	  quadrupole	  moment	  	  with	  precision	  ~	  1% 

No-‐hair	  theorem	  to	  ~1% 

•  Complemen=ng	  the	  studies	  of	  	  the	  IR-‐Stars	  observed	  with	  GRAVITY	  and	  observa=ons	  
	  	  	  	  	  	  with	  the	  Event	  Horizon	  Telescope	  to	  probe	  our	  understanding	  of	  Black	  Holes	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  è	  	  It	  should	  be	  done!	  

	  


