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Figure 1. (Left): General sketch of the dynamic spectra of all Jovian radio components. The radio emission is strongly 
modulated by rotation of the planet, with certain components (Io-DAM) also modulated by the orbital phase of the volcanic 
moon Io. (Right):  Spectra of the auroral radio emissions from all of the magnetized planets. Average emission levels are 
sketched as they would be detected from 1 AU. Peak flux densities may exceed the displayed flux densities by up to one order 
of magnitude. Most notably, Jovian S burst fluxes may reach 107 Jy (1 Jy = 1 Jansky = 10!26 W m!2 Hz!1). For Jovian auroral 
radio emission, a sharp cut-off is observed at 40 MHz, corresponding to the maximum cloud deck magnetic field strength of 14 
Gauss. Only Jovian radio emission can be detected at ground level as all other planets emit below the ionospheric cut-off, 
indicated here by the vertical dashed line (adapted from Zarka 1998). 

PROJECT DESCRIPTION 
  

1. Introduction 
 
In 1955, the planet Jupiter was serendipitously detected to be a source of bright, highly variable radio 

emission at decametric wavelengths (Burke & Franklin 1958). This radio emission was manifested as 
intense, highly polarized bursts, so bright as to often outshine the Sun at these low frequencies (< 40 
MHz). Bursts were only detectable over specific ranges of rotational phase of the planet (Figure 1), with 
certain flavors also found to be strongly modulated by the orbit of the volcanic moon Io. This discovery 
revolutionized our understanding of planetary magnetospheric physics, providing the first direct 
confirmation of the presence, strength and extent of the Jovian magnetosphere. In particular, the radio 
bursts, generally attributed to electron cyclotron maser emission, were found to be produced at the 
electron cyclotron frequency, �ce � 2.8 x 106 B Hz, where B is the magnetic field strength at the source of 
the burst, and thus enabled direct determination of magnetic field strength.  

All the magnetized planets in our solar system have since been found to produce similar bright coherent 
radio emission at low frequencies including Earth (Figure 1), predominantly originating in auroral high 
magnetic latitudes. The auroral radio emissions from Earth, Saturn, Neptune and Uranus are confined to 
frequencies below the ionospheric cut-off (~10 MHz) and thus discovery required the advent of the space 
age, with in-situ measurements by Voyager 1 and 2 playing a key role in the early characterization of the 
gas giant radio emissions (Ergun et al. 2000; Zarka 98 and references therein). As well as providing 
diagnostic information on the presence, strength and extent of planetary magnetospheres, the detected 
radio bursts are the only means to accurately determine the rotation period of the planetary interior for the 
gas giants.   

In the last decade, with the abundant detection of planets around other stellar systems, much theoretical 
work has been carried out on the possible detection of similar radio emission from extrasolar planets 
(Zarka et al. 1997; Farrell et al. 1999; Lazio et al. 2004; Griessmeier et al. 2007). As is the case for solar 
system planets, such a detection represents the most promising method for measuring the magnetic fields 
possessed by extrasolar planets, in turn providing insight into the composition of planetary interior, and 
will also allow the direct determination of physical properties such as planetary rotation rate and 
inclination of rotational and orbital axes. Considering the role of planetary magnetospheres as shields for 
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Figure 2. Generalized radio-magnetic Bode-s law showing 
the proportionality (slope ~1) between output planetary radio 
powers and the solar/stellar wind power incident on the 
magnetopause  (upper horizontal scale = kinetic power; lower 
horizontal scale = magnetic power). E, J, S, U, N are the 
initials of the 5 radio planets, while open dots show the 
correlation between induced radio emissions from Io and 
Ganymede. Extrapolation for the Hot Jupiter population 
suggests flux densities up to 5 orders of magnitude brighter 
than detected from Jupiter (adapted from Zarka 2006) 

potential biospheres from harmful high energy particles from the host star and beyond, the first direct 
measurement of such magnetic fields represents an important step in identifying habitable terrestrial 
planets (Griessmeier et al. 2005, 2009).  

The probability of detection of radio emission from a given extrasolar planet can be crudely estimated 
from known physical properties of the stellar-planetary system coupled with theoretically derived scaling 
laws based on solar system planetary radio emissions. One such scaling law, the 11radiometric Bode-s 
law-- finds the emitted radio power for a planet to be proportional to the solar/stellar wind power incident 
on the planetary magnetopause (Lazio et al. 2004; Zarka et al. 2006) [Figure 2]. Extrapolation of this 
radiometric Bode-s law suggests the detection of radio emission from extrasolar planets is strongly biased 
towards so-called 1hot Jupiters- with semi-major axes << 1 AU. The higher intensity wind close to the 
parent star is predicted to generate emitted radio power up to 105 times that produced in the Jovian 
magnetosphere with flux densities of a few hundred mJy predicted for some hot Jupiters in the solar 
neighborhood (Lazio et al. 2004; Griessmeier et al. 2007). More recently, it has been suggested that the 
radio flux from Jupiter mass objects at larger 
distances (many AU) may also be comparably 
luminous (Nichols 2011).   

Other important criteria to be considered are the 
mass, rotational period and radius of the planet 
which collectively govern the planetary magnetic 
moment and hence the range of observable 
frequencies over which the radio emission may be 
detected. However, theoretically derived scaling 
laws remain poorly constrained with predictions 
that vary by an order of magnitude (Farrell et al. 
1999) as evidenced by vastly disparate predictions 
for the planetary magnetic moments of equivalent 
hot Jupiters in recent years (Griessmeier et al. 
2007, Christensen et al. 2009). Indeed, the degree 
to which planetary dynamo models are poorly 
constrained further emphasizes the importance of 
ongoing efforts to detect radio emission from 
extrasolar planets, thereby empirically constraining 
such models. Although it remains unclear at what 
frequencies hot Jupiters may be detected, it is 
apparent that lower frequency observations 
maximize the chances of success. This is 
emphasized by observations of Jovian radio 
emission with radio bursts detected over 3 decades 
of frequency below the cut-off frequency of 40 
MHz (Figure 1).  

 
2. Radio Extrasolar Planets: The Search Thus Far 

  
A number of radio campaigns of extrasolar planetary systems have been undertaken with focus 

particularly directed towards nearby hot Jupiters. As of yet, no confirmed detection has been reported in 
the literature (Lazio et al. 2009 and references therein). The primary instruments used for these searches 
have been the Giant Metrewave Radio Telescope (GMRT) with its 150 MHz system, the Very Large 
Array (VLA) with its 74 MHz system and the Ukranian T-shaped Radiotelescope (UTR-2), which can 
observe within the frequency range 8 - 40 MHz. The GMRT has excellent sensitivity but observations 
have been limited to 150 MHz, above the predicted cut-off frequencies for most planets. Conversely, 
while both the VLA 74 MHz system and the UTR-2 can observe at lower frequencies, sensitivity has been 
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List of targets

when the ionosphere is quietest. The month during which each source transits in the early

morning is given in Table 4.

We wish for our observations to sample the rotational phase of each object as completely

as possible, because similar sources (Jupiter and brown dwarfs) do not emit decametric radi-

ation at all rotational phases. Therefore our observational strategy divides this population

into two groups:

• Planets with orbital periods (Porb) less than 5 days. These sources are likely to be tidally

locked, providing known rotational periods for the searches.

• Planets with longer orbital periods, which are less likely to be tidally locked. These

sources require blind orbital period searches.

For the five sources for which the rotational periods are likely known, the observation

are daily and are generally centered around the times of transit. In some cases a shift of a

few minutes per day is added to maximize coverage of rotational phase. Figure 4 shows the

resulting phase coverage, which has no gaps.

For the eight sources with unknown rotational periods, we adopt a logarithmically spaced

observing schedule to maximize the likely phase coverage. These programs total 30 obser-

vations per source, spreading these observations unevenly over 2 months with daily observa-

tions around the time of best observation. To improve coverage of rotational periods close

to 24 hr, pseudo-random o�sets of order 1 hr are added to the times of observation. These

o�sets were chosen using a Monte Carlo simulation to maximize the coverage of random

Table 5. Extrasolar planets in our volume-limited targeted search

d a Porb M e ecl? Best

Planet (pc) (AU) (d) (MJ) month

Hot Jupiters likely to be tidally locked:

⇥ And b 13.49 0.059 4.62 1.4 0.013 N Sep

� Boo b 15.62 0.048 3.31 6.5 0.023 N Mar

HD 189733 b 19.45 0.031 2.22 1.13 0.004 Y Jun

HD 187123 b 48.26 0.042 3.10 > 0.51 0.01 N Jun

HD 209458 b 49.63 0.047 3.52 0.69 0.001 Y Aug

Hot Jupiters less likely to be tidally locked:

55 Cnc b 12.34 0.116 14.65 > 0.84 0.016 N Dec

70 Vir b 17.99 0.484 116.69 > 7.46 0.43 N Mar

HD 195019 b 38.52 0.137 18.20 > 3.58 0.014 N Jun

HD 114762 b 38.65 0.363 83.89 >11.68 0.335 N Mar

HD 38529 b 39.28 0.131 14.31 > 0.86 0.248 N Nov

HD 178911 Bb 42.59 0.345 71.48 > 7.29 0.124 N Jun

HD 37605 b 43.98 0.261 54.23 > 2.86 0.677 N Nov

HD 80606 b 58.40 0.449 111.44 > 3.94 0.934 Y Dec
� Sources with eccentricities greater than 0.1.
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Emission from Hot Jupiters
• Low frequency:
eB / 2πme = 28 MHz at 10 G

• Bright!
~100 mJy fluxes predicted
(but less than confusion)

• High circular polarization:
LWA1 is very good at this!

• Predictably time-variable:
• pulsar-like emission
• secondary eclipses
• periastron passages of 

high-eccentricity HJs

• However, substantial 
observing time is required 
for good upper limits
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Figure 1. (Left): General sketch of the dynamic spectra of all Jovian radio components. The radio emission is strongly 
modulated by rotation of the planet, with certain components (Io-DAM) also modulated by the orbital phase of the volcanic 
moon Io. (Right):  Spectra of the auroral radio emissions from all of the magnetized planets. Average emission levels are 
sketched as they would be detected from 1 AU. Peak flux densities may exceed the displayed flux densities by up to one order 
of magnitude. Most notably, Jovian S burst fluxes may reach 107 Jy (1 Jy = 1 Jansky = 10!26 W m!2 Hz!1). For Jovian auroral 
radio emission, a sharp cut-off is observed at 40 MHz, corresponding to the maximum cloud deck magnetic field strength of 14 
Gauss. Only Jovian radio emission can be detected at ground level as all other planets emit below the ionospheric cut-off, 
indicated here by the vertical dashed line (adapted from Zarka 1998). 

PROJECT DESCRIPTION 
  

1. Introduction 
 
In 1955, the planet Jupiter was serendipitously detected to be a source of bright, highly variable radio 

emission at decametric wavelengths (Burke & Franklin 1958). This radio emission was manifested as 
intense, highly polarized bursts, so bright as to often outshine the Sun at these low frequencies (< 40 
MHz). Bursts were only detectable over specific ranges of rotational phase of the planet (Figure 1), with 
certain flavors also found to be strongly modulated by the orbit of the volcanic moon Io. This discovery 
revolutionized our understanding of planetary magnetospheric physics, providing the first direct 
confirmation of the presence, strength and extent of the Jovian magnetosphere. In particular, the radio 
bursts, generally attributed to electron cyclotron maser emission, were found to be produced at the 
electron cyclotron frequency, �ce � 2.8 x 106 B Hz, where B is the magnetic field strength at the source of 
the burst, and thus enabled direct determination of magnetic field strength.  

All the magnetized planets in our solar system have since been found to produce similar bright coherent 
radio emission at low frequencies including Earth (Figure 1), predominantly originating in auroral high 
magnetic latitudes. The auroral radio emissions from Earth, Saturn, Neptune and Uranus are confined to 
frequencies below the ionospheric cut-off (~10 MHz) and thus discovery required the advent of the space 
age, with in-situ measurements by Voyager 1 and 2 playing a key role in the early characterization of the 
gas giant radio emissions (Ergun et al. 2000; Zarka 98 and references therein). As well as providing 
diagnostic information on the presence, strength and extent of planetary magnetospheres, the detected 
radio bursts are the only means to accurately determine the rotation period of the planetary interior for the 
gas giants.   

In the last decade, with the abundant detection of planets around other stellar systems, much theoretical 
work has been carried out on the possible detection of similar radio emission from extrasolar planets 
(Zarka et al. 1997; Farrell et al. 1999; Lazio et al. 2004; Griessmeier et al. 2007). As is the case for solar 
system planets, such a detection represents the most promising method for measuring the magnetic fields 
possessed by extrasolar planets, in turn providing insight into the composition of planetary interior, and 
will also allow the direct determination of physical properties such as planetary rotation rate and 
inclination of rotational and orbital axes. Considering the role of planetary magnetospheres as shields for 
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Emission from Hot Jupiters
366 J.-M. Grießmeier et al.: Predicting low-frequency radio fluxes of known extrasolar planets
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Fig. 1. Maximum emission frequency and expected radio flux for known
extrasolar planets according to the magnetic energy model, compared
to the limits of past and planned observation attempts. Open triangles:
Predictions for planets. Solid lines and filled circles: previous observa-
tion attempts at the UTR-2 (solid lines), at Clark Lake (filled triangle),
at the VLA (filled circles), and at the GMRT (filled rectangle). For com-
parison, the expected sensitivity of new detectors is shown: upgraded
UTR-2 (dashed line), LOFAR (dash-dotted lines, one for the low band
and one for the high band antenna), LWA (left dotted line) and SKA
(right dotted line). Frequencies below 10 MHz are not observable from
the ground (ionospheric cuto"). Typical uncertainties are indicated by
the arrows in the upper right corner.

are found for LOFAR. Considering the uncertainties mentioned
above, these numbers should not be taken literally, but should
be seen as an indicator that while observation seem feasible, the
number of suitable candidates is rather low. It can be seen that
the maximum emission frequency of many planets lies below
the ionospheric cuto" frequency, making earth-based observa-
tion of these planets impossible. A moon-based radio telescope
however would give access to radio emission with frequencies
of a few MHz (Zarka 2007). As can be seen in Figs. 1!3, this
frequency range includes a significant number of potential target
planets with relatively high flux densities.

Figures 1!3 also show that the relatively high frequencies of
the LOFAR high band and of the SKA telescope are probably not
very well suited for the search for exoplanetary radio emission.
These instruments could, however, be used to search for radio
emission generated by unipolar interaction between planets and
strongly magnetised stars.

4.2. A few selected cases

According to our analysis, the best candidates are:

– HD 41004 B b, which is the best case in the magnetic energy
model with emission above 1 MHz. Note that the mass of this
object is higher than the upper limit for planets ("13MJ), so
that it probably is a brown dwarf and not a planet.

– Epsilon Eridani b, which is the best case in the kinetic energy
model.

– Tau Boo b, which is the best case in the magnetic energy
model with emission above the ionospheric cuto" (10 MHz).

– HD 189733 b, which is the best case in both the magnetic
energy model and in the CME model which has emission
above 1 MHz.

– Gliese 876 c, which is the best case in the CME model with
emission above the ionospheric cuto" (10 MHz).
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Fig. 2. Maximum emission frequency and expected radio flux for known
extrasolar planets according to the CME model, compared to the limits
of past and planned observation attempts. Open triangles: predictions
for planets. All other lines and symbols are as defined in Fig. 1.
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Fig. 3. Maximum emission frequency and expected radio flux for known
extrasolar planets according to the kinetic energy model, compared to
the limits of past and planned observation attempts. Open triangles: pre-
dictions for planets. All other lines and symbols are as defined in Fig. 1.

– HD 73256 b, which has emission above 100 mJy in the mag-
netic energy model and which is the second best planet in the
kinetic energy model.

– GJ 3021 b, which is the third best planet in the kinetic energy
model.

To this list, one should add the planets around Ups And (b, c
and d) and HD 179949 b, whose parent stars exhibit an increase
of the chromospheric emission of about 1!2% (Shkolnik et al.
2003, 2004, 2005). The observations indicate one maximum per
planetary orbit, a “Hot Spot” in the stellar chromosphere which
is in phase with the planetary orbit. The lead angles observed by
Shkolnik et al. (2003) and Shkolnik et al. (2005) were recently
explained with an Alfvén-wing model using realistic stellar wind
parameters obtained from the stellar wind model by Weber and
Davis (Preusse 2006; Preusse et al. 2006). This indicates that a
magnetised planet is not required to describe the present data.
The presence of a planetary magnetic field could, however, be
proven by the existence of planetary radio emission. Although
our model does not predict high radio fluxes from these planets
(see Table 1), the high chromospheric flux shows that a strong
interaction is taking place. As a possible solution of this prob-
lem, an intense stellar magnetic field was suggested (Zarka 2006,
2007). In that case, Table 1 underestimates the radio emission of
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• Low frequency:
eB / 2πme = 28 MHz at 10 G

• Bright!
~100 mJy fluxes predicted
(but less than confusion)

• High circular polarization:
LWA1 is very good at this!

• Predictably time-variable:
• pulsar-like emission
• secondary eclipses
• periastron passages of 

high-eccentricity HJs

• However, substantial 
observing time is required 
for good upper limits
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Table 1. Frequency ranges used and deepest sensitivities reached in searches for extrasolar planets with the current generation 
of radio telescopes. The GMRT has excellent sensitivity but cannot probe the crucial frequency range <100 MHz. Conversely, 
the VLA and UTR-2 observe at lower frequencies but have been unable to achieve sufficient sensitivity to meaningfully probe 
the hot Jupiter population. Also shown is the predicted sensitivity for a single 3 hour observation using the LWA1 station as 
part of the HJUDE program. 

Figure 3. Dynamic spectra for two pulsing brown dwarfs obtained with the EVLA in July 2011 using 2 x 1 GHz bands 
centered on 4.8 and 7.4 GHz (Hallinan et al. in prep). Highly circularly polarized emission is detected pulsing on the periods 
2.84 hours (left) and 1.96 hours (right). Complex structure is present in both time and frequency and is confined to a duty 
cycle of a few percent of the rotation period.  

too poor to meaningfully probe the hot Jupiter population. Furthermore, it is also particularly notable that 
such campaigns have consisted of relatively short observations (typically a few hours) of a small sample 
of exemplary hot Jupiters previously detected through radial velocity and transit observations (Table 1).  

 
The poor duty cycle of previous observations becomes particularly significant when evaluated in the 
context of the probable geometrical selection effects associated with planetary radio emission. A signature 
property of the coherent electron cyclotron emission produced by magnetized planets is the narrow 
beaming of the resulting radio emission at large angles to the local magnetic field. The effect is two-fold; 
a) the planets do not beam to 4 � sr and thus only a fraction of active planets will be detected b) active 
planetary systems will only be detectable for specific ranges of rotational phase during which the 
magnetic field in the source region is suitably orientated relative to our line of sight. The latter point is 
emphasized in recent simulations of dynamic spectra for extrasolar planetary radio emission, which 
predict emission to be confined to a few percent of rotational phase (Hess  & Zarka 2011). 

This has also now been well demonstrated observationally through the detection of electron cyclotron 
emission from a number of brown dwarfs, with the emission thought to be of the same nature as that 
detected from the auroral regions of solar system planets (Hallinan et al. 2007, 2008). ). However, due to 
the much stronger magnetic field strengths of brown dwarfs, emission is detected at GHz, rather than 
MHz frequencies.  As well as confirming this nature of emission to indeed be detectable from bodies 
outside our solar system, further bolstering efforts to detect radio emissions from extrasolar planets, the 
characteristics of the emission are very similar to that predicted for such planets, i.e., 100% circularly 
polarized pulses of radio emission, with narrow duty cycle and pulsed on the rotation period (Figure 3).  

Whereas such brown dwarfs have rotation periods of a few hours, allowing detection of periodic pulses 
in short observations, hot Jupiters are expected to be tidally locked with rotation periods typically of order 

Telescope Frequency Range Sensitivity Reference 
GMRT 150 MHz 0.3 mJy Hallinan et al. in prep (Figure 4)  
VLA 74 MHz 135 - 300 mJy Lazio & Farrell 2007 

UTR-2 8-40 MHz 1 - 10 Jy  Zarka 2007 
LWA1 10-88 MHz 5 mJy (3 hours) HJUDE 
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Figure 1: Illustration of the orbit of HD 80606b. The proposed observations are designed to test
the hypothesis that the rapidly increasing incident stellar wind flux occurring near periastron
result in an increased luminosity for the planetary magnetospheric emission. (Figure courtesy
of G. Laughlin.)

Table 1: Notional Observing Program
Epoch Comment
2013 March or April planet near apastron, baseline observa-

tion for comparison with any changes
near periastron

2013 May 15 � 36 hr before periastron
2013 May 17 � 18 hr before periastron
2013 May 19 � 18 hr after periastron
2013 May 21 � 36 hr after periastron
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Observations processed to date
~300 wall hours taken

when the ionosphere is quietest. The month during which each source transits in the early

morning is given in Table 4.

We wish for our observations to sample the rotational phase of each object as completely

as possible, because similar sources (Jupiter and brown dwarfs) do not emit decametric radi-

ation at all rotational phases. Therefore our observational strategy divides this population

into two groups:

• Planets with orbital periods (Porb) less than 5 days. These sources are likely to be tidally

locked, providing known rotational periods for the searches.

• Planets with longer orbital periods, which are less likely to be tidally locked. These

sources require blind orbital period searches.

For the five sources for which the rotational periods are likely known, the observation

are daily and are generally centered around the times of transit. In some cases a shift of a

few minutes per day is added to maximize coverage of rotational phase. Figure 4 shows the

resulting phase coverage, which has no gaps.

For the eight sources with unknown rotational periods, we adopt a logarithmically spaced

observing schedule to maximize the likely phase coverage. These programs total 30 obser-

vations per source, spreading these observations unevenly over 2 months with daily observa-

tions around the time of best observation. To improve coverage of rotational periods close

to 24 hr, pseudo-random o�sets of order 1 hr are added to the times of observation. These

o�sets were chosen using a Monte Carlo simulation to maximize the coverage of random

Table 5. Extrasolar planets in our volume-limited targeted search

d a Porb M e ecl? Best

Planet (pc) (AU) (d) (MJ) month

Hot Jupiters likely to be tidally locked:

⇥ And b 13.49 0.059 4.62 1.4 0.013 N Sep

� Boo b 15.62 0.048 3.31 6.5 0.023 N Mar

HD 189733 b 19.45 0.031 2.22 1.13 0.004 Y Jun

HD 187123 b 48.26 0.042 3.10 > 0.51 0.01 N Jun

HD 209458 b 49.63 0.047 3.52 0.69 0.001 Y Aug

Hot Jupiters less likely to be tidally locked:

55 Cnc b 12.34 0.116 14.65 > 0.84 0.016 N Dec

70 Vir b 17.99 0.484 116.69 > 7.46 0.43 N Mar

HD 195019 b 38.52 0.137 18.20 > 3.58 0.014 N Jun

HD 114762 b 38.65 0.363 83.89 >11.68 0.335 N Mar

HD 38529 b 39.28 0.131 14.31 > 0.86 0.248 N Nov

HD 178911 Bb 42.59 0.345 71.48 > 7.29 0.124 N Jun

HD 37605 b 43.98 0.261 54.23 > 2.86 0.677 N Nov

HD 80606 b 58.40 0.449 111.44 > 3.94 0.934 Y Dec
� Sources with eccentricities greater than 0.1.
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Tau Boo observations

Time: 01:55 – 04:55 MDT, March 15, 2013 Avg spec: 25 – 56 dB
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Tau Boo observations

Avg spec: −6 – 51 dB
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Tau Boo observations

PSR B1133+16
0.84 s period



Tau Boo observations
98.7 hours taken in March 2013

55.0 hours look OK



Tau Boo observations
98.7 hours taken in March 2013

55.0 hours look OK



Tau Boo observations



Summary

• Hot Jupiters: a difficult but feasible target for LWA1
• Year 1 observations complete; upper limit for Tau Boo b pending
• Year 2 observations about to begin: targeting more sources, 

particularly at periastron and during secondary eclipses


