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Introduction 
The reasons why many projects are being conceived concerning sensitive tests of 
Fundamental Physics, especially General Relativity, are due to both theoretical and 
experimental aspects. From the theoretical side, the attempt to unify General 
Relativity and Quantum Theory appears to imply deviations from standard physics; 
at the same time, exciting progress on precise instrumentations make it possible to 
plan new measurements able to accomplish new tests and even to open the door to 
unexpected results. Therefore there is a worldwide effort to push for new 
technologies, both from the space and on the ground, with the hope to better clarify 
Quantum Physics and General Relativity or to explore the expectations for “new 
physics”. During the last decades we have been developing a particular technology 
(worldwide adopted and known with the name of MOF , Magneto-Optical Filter) 
that is able to measure spectral line shifts with unsurpassed precision and absolute 
reference stability. Therefore, we can focus our interest on a new measurement of 
the Solar Gravitational Red Shift that is waiting for more precise determination 
since the last figure given by LoPresto Shrader and Pierce in 1991 (ApJ 367:757-
760). Our aim it to improve such determination (now at the level of some percents) 
of one order of magnitude, at least. For this, we have contacted Dr LoPresto for 
detailed information on his work and obtained his welcome desire to join our effort. 
This proposal is therefore composed of 4 sections: the first one deals with a brief 
historical overview; the second one is from J.LoPresto himself and describes his 
latest results; the third section describes our MOF technology and finally, the fourth 
section describes our envisioned strategy for the measurement. 
 
 

1.Brief Historical Review 
 
 

LIGO-G050456-00-R



Following the General theory of Relativity, the gravitational potential of a celestial 
body affect the physical time and slow any periodic phenomenon considered as a 
physical clock.  In order to verify this statement, is therefore needed to compare the 
behavior of different types of clocks located in different gravitational potentials. A 
clean experiment conducted by Vessot et al  (1980, Physical Rev. Letters , vol 45, 
N.26, pg 2081)  comparing the frequency standard of two Hydrogen Masers, one on 
the ground and the other at 10000 Km on a spacraft, was able to verify the 
theoretical prediction at the level of about 10 exp (-4) .  A different kind o clock is 
given by the atomic spectral lines. The solar gravitational potential, for example,  
shifts their wavelengths relative to the laboratory lines on the Earth, by the amount 
∆λ= 2.1 x 10 exp(-6)   λ  towards the red. In terms of velocity, this is equivalent to a 
Doppler shift of  636 m/s. The solar spectrum  is also attractive in this context  
because the Sun is a massive body bringing the Relativity verification to values far 
larger than what is possible on Earth (dynamic range).  An attempt to measure such 
a GRS (Gravitational Red Shift) is however complicated by additional effects that 
can  change λ , depending on the line forming layer on the atmosphere of the sun:  
for ex., lower layers are affected  by convective  upward gas motions to a large 
extent  (about 12 mA equivalent Doppler blue shift), while higher layers, at the 
chromospheric levels, appear less affected. A review article is by Dravings (1982 
ARAA, 61) Also most of the solar lines are asymmetric, displaying complex 
bisectors.  Therefore, care must be taken to disentangle among various sources of 
wavelength shifts. Chromospheric lines like the Sodium Doublet, show good 
symmetry and could be good candidates for the measurement. However they are 
blended by telluric water vapour lines , particularly D2. The Potassium line @ 770 
nm appears to be fairly symmetrical and free from water vapor blends; however it 
is affected by a convective blue shift.  Potassium and Sodium  lines have been used 
to measure the GRS on selected points on the solar disk by  Roddier  (165, Ann. Ap. 
28,463)  and Snider (1972, Phys. Rev. Letters, 28, 853)   reaching the precision of 
about 5%.  However, the time dependent  velocity fied present on the surface of the 
sun makes the above measurements very uncertain; for this reason LoPresto, 
Shrader and Keith Pirce  ( August 1991, ApJ 367,757)decided to use chromospheric 
Oxigen lines in emission, that are formed well above the main convective velocity 
field, reaching the precision of about 2%. 
This proposal deals with  the solar GRS  with the aim to improve its precision  to a 
level comparable with the measurement of Vessot et al 
 
 
Latest Results  
 
(from LoPresto) 
 
Alessandro Cacciani, his colleagues and I are attempting to improve upon the 
measurements of the Gravitational Red Shift made by myself and A. Keith Pierce 
using the main spectrograph of the McMath-Pierce Solar Telescope in 1991 (Ap 367, 
757).  We will use the Magneto-Optical Filler (MOF) in conjunction with one of the 
auxiliary beams of the McMath-Pierce Solar telescope at Kitt Peak Arizona. 



 
In 1991, Keith Pierce and I used the potassium near infrared triplet at a wavelength 
of about 779 nanometers.  We observed these lines in the solar photosphere and in 
the flash spectrum at the edge of the chromo sphere along with comparison lines of 
the same transition using a hollow cathode tube.  The chromospheric flash spectra 
provided highly symmetrical lines for relatively easy wavelength measurements.   
We constructed bisectors for the absorption lines on the disc, which we observed 
from disc center to limb and extrapolate the Doppler shift to the limb of the disc.  
Our measurements resulted in a value of 0.99 of  the predicted value with  about a 1-
2% internal error.   
 
We feel confident that we can improve upon this value using the MOF system. 
 
 
 
 

3. The MOF Technology 
 
In the figures below we show selected pictures of the Sun taken with our Magneto-
Optical Filter (MOF). This is an easy way to illustrate the instrument performances 
and will become clearly understood after the following description of the MOF 
working principle. 
For a comprehensive theoretical and experimental study of the MOF , please refer 
to the Appendix. Here we give brief outlines. 
 
In  Fig.1 our instrument is shown as composed by three parts (a telescope, the MOF 
filter and an image sensor). Fig.2 shows its practical realization on the roof of our 
Institute in Rome. Indeed, the MOF is the core of the system that makes this 
experiment unique. Its working principle is fully described in Appendix. Here let be 
enough to say that it is a very stable and narrow double band filter. The two bands 
could be as narrow as 50 milliAngstrom  (see Fig 3), achieving unsurpassed 
performances as far as its central wavelength reference stability and symmetrical  
tuning in the wings  of the solar lines (Red and Blu sides). Each band can be selected 
separately at will so that a computer comparison (difference) between the 
transmitted images produces the wanted Doppler image of Fig 4.A single band gives 
an intensity image like in Fig.5  
 
 
 
 
 
 
 
                                      
 



 
Fig. 1 Mechanical assembly of the instrumentation 
 

 
 
 
Fig.2 
 
 
 
 
 
 
 
 
The MOF weights about 1 Kg and its dimensions (10x10x30 cm3) are also attractive 
for space applications. This could be desirable to avoid spurious effects from the 
Earth atmosphere; However, due to the high costs and other difficulties of space 
projects (as ,for example, the spacecraft motions) , it is preferable to perform our  
measurements from the ground, taking advantage of the absolute wavelength 
reference of the MOF and relay on the well known Sun-Earth relative Doppler 
Shifts at any time.   
 As a filter, the MOF will be located between the telescope and the image sensor. 
In this manner we are able to reject all the other wavelengths of the solar spectrum, 
but the wanted line, so that we can definitely say that the MOF produces an 
artificial night, which is the necessary condition to detect faint  signals. Fig 4.shows 
an image taken with a MOF tuned in the core  of the Sodium D lines  where an 
intensity reversal (faint emission) can be observed in a very narrow wavelength 
interval wherever  magnetic field is present in the solar surface. The magnetic field 
excites the emitting atoms, modifies the line profiles and appear well pronounced in 



our MOF image. This effect should be taken in due consideration for precise 
determination of the line shift. 
 The signal originated by the GRS amounts to 632m/sec  (Doppler equivalent). Fig 5 
shows a Doppler image of the Sun where the predominant rotation signal (from the 
East limb to the West limb) amounts to about 4 Km/sec. We have been  able to 
measure Doppler signals as low as 1 cm/sec by integration  over the whole solar disk. 
Fig. 6 shows a plot of the oscillatory signal due to solar p-modes in the 5 minute 
band (pick-to-pick amplitudes ~ 1 m/sec , integration time= 30 seconds, telescope 
aperture = 2 cm ; JPL facility, Pasadena, California). Therefore our instrument has 
the capability to improve considerably the accuracy beyond the few percent so far 
achieved. Our first goal is to reach the precision of one part per mil.  
    
 
 
 
 
 
 



Fig.3……………
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1  __MOF, Na Intensity image.   Locations of facular regions are well visible and identified.    
 
 
 
 
 
 
 
 
 
             
 
 
 
 
 
 
 
 
 
Fig.2— D 
Doppler and  
Mgnetogram 



Fig  4 and 5………………………. 
 
 

4. The Envisioned Strategy for the Solar GRS  Measurement 
 
As stated in the previous section, the MOF is able to measure very small Doppler 
oscillatory signals.  However, the present  project deals with a far more difficult 
problem, that is, the evaluation of a constant additive shift among a number of other 
known and, perhaps, unknown effects. This is the main challenge of the aimed 
measurement. We list in the following such effects and how the MOF can help 
disentangling them. 
 
1-  
The sun is gaseous sphere displaying darkening toward the limbs. The GRS is 
measured looking at the wavelength position of a solar spectral line respect to a 
laboratory line. This requires a careful study of their intensity profiles (which is a 
function of position and time) and the availability of high  resolution 
spectrographs. Moreover, also the central wavelength position is a function of time 
and depends on the point selected on the surface of the Sun. Indeed, the sun is a 
non homogeneous rotating sphere and its surface displays convective and 
oscillatory signals amounting to as much as 1 Km/sec ( see the mottling in Fig.5).  
Therefore, a measurement technique that neglects the above local effects, 
averaging them in a single shot, is definitely not a suitable procedure. A better way 
of doing would be to measure the wavelength position in all the points at once, in a 
time interval shorter than the competing signal evolution (possibly few seconds), 
and proceed to a careful data analysis with the help of the solar Ephemeris and the 
published data about convection, rotation and center/limb variation of the solar 
line profile. This cannot be achieved with a spectrograph  but only with a Filter, 
particularly, the Magneto-Optical Filter. See Fig 7 
[Few years ago in our laboratory three students have been asked to analize a few 
images taken with the MOF in Antartica and found that the zero velocity points in 
a Doppler image can be fitted with a parabola that follows the solar differential 
rotation in a position that differs from the rotation axis by the right amount of 635 
+/- 25 m/sec]  
2- The MOF is, by definition, a stable instrument with intrinsic wavelength 

reference. Therefore, the game is to verify to what extent its stability is 
maintained during long runs and what is the level of asymmetry between the 
Red and Blu transmission bands. The Appendix deals with these two problems 
and we need to check instant by instant their behavior.  

3- Different solar lines suffer from different convective disturbances, 
chromospheric lines, like the Sodium D2, being less affected than photospheric 
ones, although never free from random-like velocities. An additional 
chromospheric line, very useful in this context, would be the Calcium resonance 
@422.7 nm. This  is a wide line with a narrow central portion almost entirely 
chromospheric. In order to take advantage of it, we need to develop a new 



MOF for Calcium, as we have proposed since long time ago, but never been 
able to set up a suitable fabrication laboratory for lack of funds.  At the solar 
limbs, the convective velocities are orthogonal to the line of sight and should 
become undetectable; on the other end the line profiles undergo modifications, 
becoming wider and shallower and tangential movements cannot be excluded. 
For this reason we plan to observe multiple lines simultaneously, the Sodium 
doublet, the Potassium resonance line @770 nm and, hopefully,  the Calcium 
422.7. A comparison among their behaviors, all over the solar disk, will help 
disentangling the convective disturbances or identifying the amount of 
uncertainty produced by this effect. The scientific literature is full of fine 
observational works regarding this problem. We can mention here that the 
Potassium line and the Sodium line are formed at two different levels 300 Km 
apart (in height)  , therefore probing different gravitational potentials: we 
expect to be able to see such a different effect amounting to about 0.5% of the 
total effect. 

4- The Earth’s atmosphere can interfere with the measure adding blends to the 
pure solar profile. Fig.8 shows the Sodium solar doublet and, separately, the 
atmospheric lines (mainly H2O) at the bottom of the figure. Their occurrence 
and equivalent width is a function of time (hourly and daily) and location 
(dryness or humidity) of the observing station.  In order to monitor this effect 
we definitely need continuous data acquisition from more than one station, at 
least three, at different longitudes. We plan to contact and propose agreements 
with several Observatories around the world that are available to host our 
instrumentation 

 
In conclusion, our strategy is to avoid working with a single observing station and 
few shots at discrete times. The aim is to accomplish prolonged observing runs for 
more than one year in order to demonstrate their long-term consistency by fitting 
the earth’s orbital motion. This will provide a precise calibration signal, beyond the 
diurnal and oscillatory shifts. Also, we plan to use more than one solar line, from the 
photosphere to the chromosphere, that will tell us how convection decays with 
height towards the chromosphere. Finally, it is important to stress that the MOF 
Doppler imaging capability and its stable and absolute wavelength reference, will 
allow us to study such effects as the magnetic contamination, the center-to-limb 
variations and the local oscillatory or convective velocities.  
A few years ago we have asked some students to analyze our Potassium Doppler 
images following a differential procedure. The result was 635 m/sec, very close to 
the real GRS, but with an estimated error of +/- 26 m/sec. The analysis was 
performed looking at the constant velocity contours that follow, in average, the 
differential rotation curves. In particular, the zero velocity points follow a winding 
path around the local convective velocities (fig.7). After parabolic fitting, the solar 
rotation axis was also determined and its equatorial distance taken as a measure of 
the GRS. This procedure is affected by several sources of errors, as the above 
distance and its ratio to the solar diameter (also affected by an error). The technique 
based on the isovelocity levels makes it possible to write  down a redundant system 



of equations linking the rotation, the blue shift , the limb effect on the line shape, the 
instrumental biases and , of course the GRS. 
 
 
 
 
 
Fig 8  
Spectrum of the Na doublet from the sun.Also many H2O line are sown belongfing 
to the Earths atmosphere. 





 





Fig.6 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



Fig 7 Potassium Doppler image.  Four isovelocity levels are shown along with the 
solar rotation axis. The curvature of the isovelocity curves is originated by the 
differential rotation that become orthogonal, therefore undetectable, at the polar 
axis. Nevertheless, the zero velocity level appear as a blue curve whose distance 
from the solat axis is a first estimate of the Gravitational shift.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The activity will be detailed as follows: 
1^ year………………… Instrument fabrication of the clones and visits to the host 
observatories (signing agreements) 
2^  and 3^ years………..Installation , tests and observations 
4^ and 5^  years………..Data reduction and additional measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX 
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