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EstrellasEstrellas
El El cielocielo

es es el el manto acribilladomanto acribillado

de la Tierra,de la Tierra,

por los agujerospor los agujeros

veo veo la la luzluz

del del universouniverso..

de Tatiana de Tatiana OlavarriaOlavarria

StarsStars
The sky isThe sky is  EarthEarth’’s torn blanket,s torn blanket,

through its holes I see the light of the Universethrough its holes I see the light of the Universe

by Tatiana by Tatiana OlavarriaOlavarria



Important conceptsImportant concepts

CoherenceCoherence

FringeFringe

ResolutionResolution

InterferenceInterference

uv-planeuv-plane

Fourier TransformFourier Transform

Imaging: Fourier InversionImaging: Fourier Inversion
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2.2. Practical detailsPractical details

3.3. Some examplesSome examples
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5.5. Variations in Variations in interferometryinterferometry



OverviewOverview

•• We make images of the radioWe make images of the radio
sky from measurements of thesky from measurements of the
electric field measured by ourelectric field measured by our
antennasantennas



AntennasAntennas

    Prime focus    Prime focus                    Cassegrain              Cassegrain focusfocus

     (GMRT)     (GMRT)                                   (AT)(AT)

      Offset Offset CassegrainCassegrain                 Naysmith                Naysmith

        (VLA)(VLA)                                                                   (OVRO)(OVRO)

                          Beam WaveguideBeam Waveguide Dual OffsetDual Offset

   (NRO)   (NRO)   (ATA)(ATA)



ReflectorReflector  TypesTypes

    Prime focus    Prime focus         Cassegrain   Cassegrain focusfocus

      (GMRT)      (GMRT)           (AT)(AT)

Offset Offset CassegrainCassegrain                                           Naysmith      Naysmith

                (VLA)(VLA)       (OVRO)      (OVRO)

        Beam Waveguide        Beam Waveguide             Dual OffsetDual Offset

         (NRO)         (NRO)             (ATA)(ATA)



The Standard Parabolic AntennaThe Standard Parabolic Antenna

The power response of a uniformly illuminated circular parabolic antenna
of 25-meter diameter, at a frequency of 1 GHz.



Origin of the Beam PatternOrigin of the Beam Pattern
•  An antenna’s
response is a
result of coherent
phase summation
of the electric field
at the focus.

•  First null will
occur at the angle
where one extra
wavelength of path
is added across the
full width of the
aperture:

    θ ~ λ/D

On-axis
incidence

Off-axis
incidence



ReceiversReceivers
Noise TemperatureNoise Temperature

        PPinin =   =  kkBBT T ΔνΔν                kkBB  = = BoltzmanBoltzman’’s s constant (1.38*10constant (1.38*10-23 -23 J /J /  K)K)

 When observing a radio source     When observing a radio source    TTtotaltotal  = T= TAA +  + TTsyssys

 Tsys  Tsys = system noise when not looking= system noise when not looking

             at a discrete radio source             at a discrete radio source

 T TAA =  source antenna temperature =  source antenna temperature

 T TAA =  = ηηAS/(2kAS/(2kBB) = K S ,    S = source flux () = K S ,    S = source flux (JyJy))

 SEFD = system equivalent flux density SEFD = system equivalent flux density

 SEFD =  SEFD = Tsys Tsys / K  (/ K  (JyJy))

Receiver

Gain G
BW Δν

Matched load
Temp T (K) Pout=G*PinPin

Rayleigh-Jeans approximation

12901290  78  78  .34  .34     40-50     40-50

 836 836  58  58  .39  .39     26-40     26-40

 606 606  55  55  .51  .51         18-26 18-26

 385 385  37  37  .54  .54     12-18     12-18

 311 311  31  31  .56  .56      8-12      8-12

 262 262  28  28  .60  .60      4-8      4-8

 245 245  27  27  .62  .62      2-4      2-4

 236 236  21  21  .50  .50      1-2      1-2

  SEFDSEFDTTsyssys      ηηBand (GHz)Band (GHz)

EVLA Sensitivities



Two ways of understanding Two ways of understanding interferometryinterferometry

•• OpticsOptics
•• Put a mask over an aperture: still works ~ finePut a mask over an aperture: still works ~ fine
•• More holes allow more information throughMore holes allow more information through
•• Distribution of holes affects quality of imageDistribution of holes affects quality of image
•• Image quality improves as number of holes in mask increasesImage quality improves as number of holes in mask increases

•• PhysicsPhysics
•• Radio sources emit random signals: noise but no signalRadio sources emit random signals: noise but no signal
•• Correlation of voltage far from the source contains informationCorrelation of voltage far from the source contains information

about the sourceabout the source
•• Measure spatial correlation function of voltages at antennasMeasure spatial correlation function of voltages at antennas
•• Derive image of sky from sampled correlation functionDerive image of sky from sampled correlation function



Optics: holes in a maskOptics: holes in a mask

•• Build a big reflector lensBuild a big reflector lens

•• Measure power on the focal plane: get an image of the radioMeasure power on the focal plane: get an image of the radio
skysky



Optics: holes in a maskOptics: holes in a mask

•• Resolution ~ wavelength / diameterResolution ~ wavelength / diameter

•• Optical telescope has resolution ~ 1Optical telescope has resolution ~ 1  arcsecondarcsecond

•• At a wavelength of 20cm, we need a diameter ~ 35km!At a wavelength of 20cm, we need a diameter ~ 35km!

•• Largest Largest steerable radiotelescope steerable radiotelescope has D ~ 100mhas D ~ 100m

•• Largest fixed Largest fixed radiotelescope radiotelescope has D ~ 300mhas D ~ 300m



Optics: holes in a maskOptics: holes in a mask

•• We do not need to fillWe do not need to fill  the area!the area!

•• Example: VLA D configuration (1km maximum distance)Example: VLA D configuration (1km maximum distance)



Optics: holes in a maskOptics: holes in a mask

•• ImagineImagine  the lens ofthe lens of  a cameraa camera

•• Still get a good image even with a mask in front of the lensStill get a good image even with a mask in front of the lens

•• But the image quality changes with the number of holesBut the image quality changes with the number of holes

•• DemonstrationDemonstration
•• Choose a representative image of a sourceChoose a representative image of a source
•• Add holes to a maskAdd holes to a mask
•• Start with two holes and double in every additional frameStart with two holes and double in every additional frame



Optics: holes in a maskOptics: holes in a mask

Double number of holes from frame to frame:

•2, 4, 8, 16, 32, 64, 128, 256, 512, 1024



Physics: propagation of coherencePhysics: propagation of coherence

•• Radio source emits independent noise from each elementRadio source emits independent noise from each element
•• Electrons spiraling around magnetic fieldsElectrons spiraling around magnetic fields
•• Thermal emission from dust, Thermal emission from dust, etc.etc.

•• As electromagnetic radiation propagates away from source, itAs electromagnetic radiation propagates away from source, it
remains coherentremains coherent

•• By measuring the correlation in the EM radiation, we can workBy measuring the correlation in the EM radiation, we can work
backwards to determine the properties of the sourcebackwards to determine the properties of the source

•• Van Van Cittert-Zernicke Cittert-Zernicke theorem states that thetheorem states that the

•• Sky brightness and Coherence function are a Fourier pairSky brightness and Coherence function are a Fourier pair

•• Mathematically:Mathematically:
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Physics: propagation of coherencePhysics: propagation of coherence

•• Correlate voltages from the two receiversCorrelate voltages from the two receivers
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•• Simplest exampleSimplest example
–– Put two emitters (a,b) in a planePut two emitters (a,b) in a plane
–– And two receivers (1,2) in another planeAnd two receivers (1,2) in another plane

•• Correlation contains information about the source Correlation contains information about the source II

•• Can move receivers around to untangle information in Can move receivers around to untangle information in gg’’ss



Physics: propagation of coherencePhysics: propagation of coherence

•• More complex exampleMore complex example
•• Put some emitters in a planePut some emitters in a plane
•• And two receivers in another planeAnd two receivers in another plane



Physics: propagation of coherencePhysics: propagation of coherence

•• Look at the electric fields at the two receivers as we move theLook at the electric fields at the two receivers as we move the
receivers away from the emittersreceivers away from the emitters



Physics: propagation of coherencePhysics: propagation of coherence

•• Another example:Another example:  Gaussian (bell) shaped source a few metersGaussian (bell) shaped source a few meters
in widthin width

•• Follow coherence function away from the sourceFollow coherence function away from the source
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In practiceIn practice……
1.1. Use many antennas (VLA has 27)Use many antennas (VLA has 27)

2.2. Amplify signalsAmplify signals

3.3. Sample and digitizeSample and digitize

4.4. Send to central locationSend to central location

5.5. Perform cross-correlationPerform cross-correlation

6.6. Earth rotation fills the Earth rotation fills the ““apertureaperture””

7.7. Inverse Fourier Transform gets imageInverse Fourier Transform gets image

8.8. Correct for limited number of antennasCorrect for limited number of antennas

9.9. Correct for imperfections in theCorrect for imperfections in the
““telescopetelescope”” e.g. calibration errors e.g. calibration errors

10.10.Make a beautiful imageMake a beautiful image……



Single interferometerSingle interferometer



The VLA is much more complexThe VLA is much more complex

(ALMA will be even more…)
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Example of imaging a complex sourceExample of imaging a complex source

•• VLBA simulated observations of M87-like jet sourceVLBA simulated observations of M87-like jet source

•• Will showWill show
•• UV coverageUV coverage
•• Correlation functionCorrelation function
•• Point Spread FunctionPoint Spread Function
•• ““DirtyDirty”” image image
•• Best Clean imageBest Clean image



Original and smoothed modelOriginal and smoothed model



Fourier plane samplingFourier plane sampling



UV Sampling UV Sampling Point Spread FunctionPoint Spread Function



Point Spread FunctionPoint Spread Function



Original model and Dirty imageOriginal model and Dirty image



Original model and best imageOriginal model and best image



Correcting for limited number of antennasCorrecting for limited number of antennas

•• Sky is notSky is not  too complex: can exploit this to improve the imagetoo complex: can exploit this to improve the image

–– CLEAN:CLEAN:
•• sky is composed of point sources on a dark skysky is composed of point sources on a dark sky

•• sky is composed of resolved sources of known extent on a dark skysky is composed of resolved sources of known extent on a dark sky

–– Multi-scale CLEAN:Multi-scale CLEAN:
•• sky is composed of smooth, limited extent blobs on a dark skysky is composed of smooth, limited extent blobs on a dark sky

–– Maximum Entropy Method:Maximum Entropy Method:
•• sky is smooth and positivesky is smooth and positive

–– Non-negative least squares:Non-negative least squares:
•• sky is non-negative and compactsky is non-negative and compact

–– Hybrid algorithms:Hybrid algorithms:
•• Some combination of the above...Some combination of the above...



A real example from the VLAA real example from the VLA

•• Sampled correlation function => Sampled correlation function => ““DirtyDirty”” image image



A real example from the VLAA real example from the VLA

•• Effective aperture is filled in and the diffraction patterns vanishEffective aperture is filled in and the diffraction patterns vanish



Another synthetic exampleAnother synthetic example

Model PSF

“Dirty”
image

CLEAN
image
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Other properties of the radiationOther properties of the radiation

•• Polarization of received radiationPolarization of received radiation
–– Measure two radiation states: linear or circularMeasure two radiation states: linear or circular
–– Tells us about the organization of emitting structures, Tells us about the organization of emitting structures, e.g.e.g.

alignment of magnetic fieldsalignment of magnetic fields

•• Frequency behaviorFrequency behavior
–– Widely spacedWidely spaced tells us about radiation mechanisms tells us about radiation mechanisms
–– Closely spacedClosely spaced tells us about kinematics tells us about kinematics  through the Dopplerthrough the Doppler

shift of spectral linesshift of spectral lines

•• MoreMore  examplesexamples  will be shown bywill be shown by  my colleaguesmy colleagues



Imaging at different, closely spaced frequenciesImaging at different, closely spaced frequencies

•• Spectral line image of a spiral galaxySpectral line image of a spiral galaxy

•• Shows emission in the hyperfineShows emission in the hyperfine
transition of Hydrogentransition of Hydrogen

•• Associate velocity (line of sight only) withAssociate velocity (line of sight only) with
each pointeach point

•• Determine kinematics of galaxy fromDetermine kinematics of galaxy from
rotation curverotation curve

Superthin galaxy UGC7321



Imaging polarized radiationImaging polarized radiation

•• Radiation fromRadiation from
sources is oftensources is often
polarizedpolarized

•• Measure degree andMeasure degree and
orientation oforientation of
polarizationpolarization

(

(TX Cam, Mira variable, v=1, J=1-0 SiO maser emission)
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Variations: the Very Long Baseline ArrayVariations: the Very Long Baseline Array

•• Antennas very far apartAntennas very far apart
•• resolution very high: resolution very high: milli-arcsecsmilli-arcsecs

•• Very Long Baseline Very Long Baseline InterferometryInterferometry

•• Record signals on tapeRecord signals on tape



Connected elements versus tape recordingConnected elements versus tape recording



VLA + VLBAVLA + VLBA

•• Zoom lens to reveal inner cores of radio galaxiesZoom lens to reveal inner cores of radio galaxies



VLBA: Time-lapse imagingVLBA: Time-lapse imaging



Variations: the Altacama Large Millimeter ArrayVariations: the Altacama Large Millimeter Array

•• Observing wavelength short ~ mmObserving wavelength short ~ mm
–– Need high, dry siteNeed high, dry site

•• Antenna field of view smallAntenna field of view small
•• Must patch together different Must patch together different pointingspointings
•• ““MosaicingMosaicing””



Variations: Optical Variations: Optical InterferometryInterferometry

•• Observe at optical or infra-redObserve at optical or infra-red

•• Very difficult technicallyVery difficult technically
–– Tolerances tinyTolerances tiny
–– Signals very weakSignals very weak
–– Stars twinkleStars twinkle

•• First arrays now coming onlineFirst arrays now coming online
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De De cada unacada una..

De De cada estrella cada estrella en el en el cielo pendecielo pende

Un Un hilo hilo de de hielo hasta hielo hasta la Tierrala Tierra……

(de un (de un poema poema de Alicia Salinas)de Alicia Salinas)

From each one.From each one.
From each star hangsFrom each star hangs

an icy thread down to Earthan icy thread down to Earth……

  (from a poem by Alicia Salinas)(from a poem by Alicia Salinas)


