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The CMB spectrumThe CMB spectrumpp

The observation of the CMB The observation of the CMB 
(Penzias and Wilson 1965) is (Penzias and Wilson 1965) is 
probably the most important probably the most important 
discovery for cosmologydiscovery for cosmologydiscovery for cosmologydiscovery for cosmology
Years of observations have Years of observations have 
confirmed its blackbody confirmed its blackbody 
f hi hf hi hform to very high accuracyform to very high accuracy
Figure taken from: Figure taken from: 
http://spectrum.lbl.gov/www/cohttp://spectrum.lbl.gov/www/cop p gp p g
be/cobe.htmlbe/cobe.html



The CMB dipole anisotropyThe CMB dipole anisotropyThe CMB dipole anisotropyThe CMB dipole anisotropy

Soon after the discovery of the Soon after the discovery of the 
CMB, it was pointed out byCMB, it was pointed out byCMB, it was pointed out by CMB, it was pointed out by 
several authors that it should be several authors that it should be 
possible to observe an anisotropy possible to observe an anisotropy 
due to the Earthdue to the Earth’’s motions motiondue to the Earthdue to the Earth s motions motion

The temperature measurements The temperature measurements 
taken on board of  U2 aircrafts  taken on board of  U2 aircrafts  
at  an height of 20 km.  From at  an height of 20 km.  From 
Smoot, Gorenstein and Muller,Smoot, Gorenstein and Muller,Smoot, Gorenstein and Muller, Smoot, Gorenstein and Muller, 
Phys.Rev.Lett. 39 (1977) 898.Phys.Rev.Lett. 39 (1977) 898.



The dipole anisotropy in more detailThe dipole anisotropy in more detailThe dipole anisotropy in more detailThe dipole anisotropy in more detail

Due to the motion of the observer a blackbody spectrum of  temperature       Due to the motion of the observer a blackbody spectrum of  temperature       0T
becomes Doppler shifted as (becomes Doppler shifted as (β=v/c))
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Thus, to first order, this gives an angular variationThus, to first order, this gives an angular variation
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This changes from a This changes from a ““hot polehot pole”” (for (for cosθ=1)  to a )  to a ““cold polecold pole”” (for (for cosθ= -1) and ) and 
for this reason is called for this reason is called ““dipoledipole”” anisotropyanisotropy
F h i t COBE b ti h d t i d th t fF h i t COBE b ti h d t i d th t f

0( , )β β

From such anisotropy, COBE observations have determined the parameters of From such anisotropy, COBE observations have determined the parameters of 
the Earththe Earth’’s motion to very high accuracy: s motion to very high accuracy: 

v=369 km/s right ascension=168 degrees declination= -7 degreesv 369 km/s        right ascension 168 degrees         declination  7 degrees
This motion  corresponds  to combine  i) the motion of the Solar System within This motion  corresponds  to combine  i) the motion of the Solar System within 
the Galaxy  with ii) the motion of our Galaxy (and of the Local Group of the Galaxy  with ii) the motion of our Galaxy (and of the Local Group of 

l i ) i h l i f b 600 k / d hl i ) i h l i f b 600 k / d h ““G AG A ””galaxies) with a velocity of about 600 km/s toward the galaxies) with a velocity of about 600 km/s toward the ““Great AttractorGreat Attractor”” , a , a 
large concentration of matter at about 100 Mpc from us large concentration of matter at about 100 Mpc from us 



The dipole anisotropy as an The dipole anisotropy as an ““(a)ether drift(a)ether drift””p pyp py ( )( )
FromFrom SmootSmoot’’ss NobelNobel lecture,lecture, oneone learnslearns that,that, atat thethe beginning,beginning, theirtheir researchresearch toto
detectdetect thethe CMBCMB dipoledipole anisotropyanisotropy waswas calledcalled ““aetheraether driftdrift”” experimentexperimentdetectdetect thethe CMBCMB dipoledipole anisotropyanisotropy waswas calledcalled aetheraether ––driftdrift experimentexperiment

ThisThis waswas aa naturalnatural denominationdenomination.. InIn fact,fact, thethe anisotropyanisotropy wouldwould havehave detecteddetectedpypy
ourour driftdrift withinwithin thethe CMBCMB.. InIn thisthis sense,sense, thethe CMBCMB couldcould bebe consideredconsidered somesome

formform ofof (a)ether(a)ether

However,However, duedue toto ““thethe strongstrong prejudiceprejudice ofof thosethose goodgood scientistsscientists whowho learnedlearned thethe,, gg p jp j gg
lessonlesson ofof thethe MichelsonMichelson--MorleyMorley experimentexperiment andand specialspecial relativityrelativity thatthat therethere
werewere nono preferredpreferred framesframes ofof referencereference ””,, theythey hadhad toto changechange thethe namename intointo

““newnew aetheraether driftdrift experimentexperiment””newnew aetheraether--driftdrift experimentexperiment

OnlyOnly afterafter thisthis changechange (and(and afterafter subtlysubtly clarifyingclarifying thethe variousvarious issues)issues) theirtheiryy gg (( yy y gy g ))
researchresearch waswas finallyfinally approvedapproved



Measuring the CMB dipole in a laboratory?Measuring the CMB dipole in a laboratory?g p yg p y
However,However, today,today, afterafter havinghaving measuredmeasured thethe dipoledipole anisotropyanisotropy toto highhigh accuracy,accuracy, areare
therethere stillstill motivationmotivation forfor thatthat ““strongstrong prejudiceprejudice””??gg p jp j

AnAn observerobserver movingmoving withinwithin thethe CMBCMB willwill seesee differentdifferent temperaturestemperatures inin differentdifferent
directionsdirections SoSo farfar mostmost preciseprecise experimentsexperiments werewere performedperformed inin spacespace (with(with aircraftsaircrafts orordirectionsdirections.. SoSo far,far, mostmost preciseprecise experimentsexperiments werewere performedperformed inin spacespace (with(with aircraftsaircrafts oror
satellites)satellites).. However,However, inin principle,principle, apartapart fromfrom possiblepossible experimentalexperimental problems,problems, nothingnothing
preventsprevents toto observeobserve thethe samesame effecteffect withwith measurementsmeasurements entirelyentirely performedperformed insideinside aa
laboratorylaboratory..yy

ForFor instance,instance, aa temperaturetemperature gradientgradient couldcould induceinduce smallsmall convectiveconvective currentscurrents inin aa weaklyweakly
boundbound gaseousgaseous systemsystem andand aa slightslight anisotropyanisotropy ofof thethe velocityvelocity ofof lightlight (propagating(propagatingboundbound gaseousgaseous systemsystem andand aa slightslight anisotropyanisotropy ofof thethe velocityvelocity ofof lightlight (propagating(propagating
insideinside it)it) whichwhich couldcould thenthen bebe detecteddetected withwith aa preciseprecise interferometerinterferometer..

II hihi ii ii bb ll l kl k ff ii d i id i i ii hh Mi h lMi h lInIn thisthis perspective,perspective, itit becomesbecomes naturalnatural toto looklook forfor tinytiny deviationsdeviations inin thethe MichelsonMichelson--
MorleyMorley typetype ofof experimentsexperiments.. AfterAfter all,all, periodicperiodic temperaturetemperature differencesdifferences ofof aa fewfew mKmK inin
thethe airair ofof thethe opticaloptical armsarms werewere believedbelieved toto bebe responsibleresponsible forfor MillerMiller’’ss fringefringe shiftsshifts..
ThiThi ii i li l thth dd ff it dit d t dt d ff thth di ldi l CMBCMB i ti tThisThis isis preciselyprecisely thethe orderorder ofof magnitudemagnitude expectedexpected fromfrom thethe dipoledipole CMBCMB anisotropyanisotropy..



Standard summary of MichelsonStandard summary of Michelson--Morley Morley 
experimentsexperimentsexperimentsexperiments

Figure from: M. Nagel et al. Nature Comm. Figure from: M. Nagel et al. Nature Comm. 6 6 (2015) 8174 (2015) 8174 



FirstFirst impressionimpression:: aa steadysteady substantialsubstantial
i ti t thth i i li i l 18871887 ltltimprovementimprovement overover thethe originaloriginal 18871887 resultresult

However,However, notnot onlyonly technologicaltechnological progressprogress..However,However, notnot onlyonly technologicaltechnological progressprogress..
ExperimentsExperiments werewere alsoalso performedperformed inin
differentdifferent mediamedia (gases,(gases, vacuumvacuum oror solids)solids) ..
C ldC ld thithi bb i t t?i t t?CouldCould thisthis bebe important?important?

ForFor instance,instance, aa universaluniversal temperaturetemperatureForFor instance,instance, aa universaluniversal temperaturetemperature
gradient,gradient, conceivably,conceivably, wouldwould affectaffect lightlight
propagationpropagation inin weaklyweakly boundbound gaseousgaseous
systemssystems moremore thanthan propagationpropagation inin solidsolidsystemssystems moremore thanthan propagationpropagation inin solidsolid
dielectricsdielectrics (or(or inin vacuumvacuum wherewhere therethere isis nono
mattermatter toto actact on)on)

ToTo understandunderstand betterbetter thethe variousvarious aspects,aspects,
oneone shouldshould startstart fromfrom MichelsonMichelson--MorleyMorleyo eo e s ou ds ou d sta tsta t oo c e soc e so o eyo ey
wherewhere thethe wholewhole storystory hashas begunbegun



1887: Michelson1887: Michelson--Morley experimentMorley experiment



The apparatus The apparatus 



1902 : Hicks1902 : Hicks’’analysisanalysis1902 : Hicks1902 : Hicks analysis analysis 

““……thethe datadata publishedpublished byby
Mi h lMi h l dd M lM l i di dMichelsonMichelson andand Morley,Morley, insteadinstead
ofof givinggiving aa nullnull resultresult showshow
distinctdistinct evidenceevidence forfor anan effecteffectdistinctdistinct evidenceevidence forfor anan effecteffect
ofof thethe typetype toto bebe expectedexpected ””

W. M. Hicks, Phil. Mag.3 (1902) 9 W. M. Hicks, Phil. Mag.3 (1902) 9 



1933 : Miller1933 : Miller’’s analysis s analysis 

““TheThe briefbrief seriesseries ofof
observationsobservations waswas sufficientsufficient totoobservationsobservations waswas sufficientsufficient toto
showshow clearlyclearly thatthat thethe effecteffect
diddid notnot havehave thethe anticipatedanticipatedd dd d oo veve ee c p edc p ed
magnitudemagnitude.. However,However, andand
thisthis factfact mustmust bebe emphasized,emphasized,
thethe indicatedindicated effecteffect waswas notnot
zerozero ..””

D. C. Miller, Rev. Mod. Phys. 5 (1933) D. C. Miller, Rev. Mod. Phys. 5 (1933) 
203203



MichelsonMichelson’’s interferometers interferometer

If the velocity of light changes in different If the velocity of light changes in different 
di ti th ill b f i hift bdi ti th ill b f i hift bdirections,  there will be a fringe shift  by directions,  there will be a fringe shift  by 
rotating a Michelsonrotating a Michelson’’s interferometer. s interferometer. 

The classical formula (see e. g. R. Kennedy  The classical formula (see e. g. R. Kennedy  
Phys. Rev. 47(1935) 965) is a Phys. Rev. 47(1935) 965) is a ““second second 
harmonicharmonic”” effect i e periodic in [0effect i e periodic in [0 ππ]]harmonicharmonic effect, i.e. periodic in [0,effect, i.e. periodic in [0,ππ]]

2( ) DΔλ θ⎡ ⎤ 2
class
22

class

( ) D v cos 2 A cos 2
c

Δλ θ⎡ ⎤ ≈ θ = θ⎢ ⎥λ λ⎣ ⎦

Expected 2Expected 2ndnd harmonic amplitude for the orbital velocity of 30 km/sharmonic amplitude for the orbital velocity of 30 km/s
2

class 7 8
2

D vA 2 10 10 0.2−≈ ≈ ⋅ ⋅ ≈2 2A 2 10 10 0.2
c
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The experimental dataThe experimental datapp
The classical The classical 22ndnd harmonic harmonic 

li d f 30 k / ili d f 30 k / iamplitude for 30 km/s  is amplitude for 30 km/s  is 
about 0.2 (NOT 0.4).  Thus about 0.2 (NOT 0.4).  Thus 
the shown amplitude 0 05 isthe shown amplitude 0 05 isthe shown amplitude 0.05 is  the shown amplitude 0.05 is  
1/4  (NOT  1/8)  of the 1/4  (NOT  1/8)  of the 
expected value.  expected value.  

““ if h iif h i

pp

““…if  there is any …if  there is any 
displacement …, this cannot displacement …, this cannot 
much be larger than 0 01 ofmuch be larger than 0 01 ofmuch be larger than 0.01 of much be larger than 0.01 of 
the distance between the the distance between the 
fringesfringes””..gg



Modern reModern re--analysisanalysis

M. C. and E. Costanzo, Phys. Lett. A333 (2004) 355;  N. Cimento 119B (2004)  393M. C. and E. Costanzo, Phys. Lett. A333 (2004) 355;  N. Cimento 119B (2004)  393



22ndnd harmonic effect harmonic effect 



Hicks 1902Hicks 1902

M C and E Costanzo 2004M C and E Costanzo 2004M.C. and E. Costanzo 2004M.C. and E. Costanzo 2004



Classical interpretation of the measurementsClassical interpretation of the measurements
HicksHicks’’ analysisanalysis showsshows thatthat oneone shouldshould NOTNOT
averageaverage directlydirectly thethe fringefringe shiftsshifts duedue toto possiblepossible
systematicsystematic changeschanges ofof signsign inducedinduced byby thethesystematicsystematic changeschanges ofof signsign inducedinduced byby thethe
readjustmentreadjustment ofof thethe mirrorsmirrors inin thethe differentdifferent
sessionssessions ofof consecutiveconsecutive daysdays
HH thth 22ndnd h ih iHowever,However, oneone cancan averageaverage thethe 22ndnd harmonicharmonic
amplitudesamplitudes whichwhich areare invariantinvariant forfor anan overalloverall
changechange ofof signsign ofof thethe fringefringe shiftsshifts

By computing mean and variance of the 6 experimental sessions, one gets  By computing mean and variance of the 6 experimental sessions, one gets  
EXPA 0 0165 0 0065±

From the relationFrom the relation
EXP
2A 0.0165 0.0065= ±

2EXP
2A 1 v⎛ ⎞≈ ≈ ⎜ ⎟

one finds a velocity one finds a velocity 0.2 12 30km / s⎜ ⎟
⎝ ⎠

1.5v 8 4 km / s+≈ 1.7v 8.4 km / s−≈



A fresh look A fresh look at the at the etherether--drift experimentsdrift experiments

TheThe standardstandard wayway toto looklook forfor aa preferredpreferred referencereference frameframe isis throughthrough anan anisotropyanisotropy ofof thethe
velocityvelocity ofof lightlight.. ThisThis couldcould bebe detecteddetected byby rotatingrotating aa MichelsonMichelson interferometerinterferometer
Now,Now, byby assumingassuming :: ii)) thethe existenceexistence ofof aa preferredpreferred referencereference frameframe

ii)ii) thethe validityvalidity ofof LorentzLorentz transformationstransformations
anyany anisotropyanisotropy inin aa movingmoving frameframe shouldshould vanishvanish either whenwhen itsits velocityvelocity

Σ

S ' v 0→anyany anisotropyanisotropy inin aa movingmoving frameframe shouldshould vanishvanish either whenwhen itsits velocityvelocity
or whenwhen thethe velocityvelocity ofof lightlight coincidescoincides withwith thethe parameterparameter ““c”” enteringentering LorentzLorentz
transformationstransformations.. ForFor aa refractiverefractive indexindex ,, oneone cancan expandexpand aroundaround forfor
smallsmall valuesvalues ofof thethe parameterparameter

S v 0→

N 1= + ε
cγ

0ε =
v / cβ =smallsmall valuesvalues ofof thethe parameterparameter v / cβ =

( )2 2
1 2

cc ( ) 1 F ( ) F ( ) .. (...)
Nγ
⎡ ⎤θ = − ε β θ + β θ + − ε⎣ ⎦

Thus,Thus, fromfrom thethe symmetrysymmetry propertiesproperties ofof thethe twotwo--wayway velocityvelocity underunder separateseparate replacementsreplacements
β → - β andand θ → π+θ ,, oneone findsfinds thethe generalgeneral expressionexpressionβ β gg pp

wherewhere areare thethe LegendreLegendre polynomialspolynomials andand areare arbitraryarbitrary coefficientscoefficients

2
2k 2k

k 0

cc ( ) 1 P (cos )
N

∞

γ
=

⎡ ⎤
θ ≈ − εβ ς θ⎢ ⎥

⎣ ⎦
∑

P (cos )θ ςwherewhere areare thethe LegendreLegendre polynomialspolynomials andand areare arbitraryarbitrary coefficientscoefficients..
LetLet usus looklook forfor aa dynamical modelmodel whichwhich couldcould produceproduce thisthis resultresult..

2kP (cos )θ 2kς



CMB dipole, convective currents in a gas CMB dipole, convective currents in a gas p , gp , g
and light anisotropy and light anisotropy 

CMB EarthCMB Earth



Convective currents in a gasConvective currents in a gasgg

ConvectiveConvective currentscurrents inin aa gas,gas, ofof refractiverefractive indexindex ,, inducedinduced byby thethe motionmotion ofofN 1= + ε
thethe Earth’sEarth’s frameframe withwith respectrespect toto aa preferredpreferred frame,frame, implyimply thethe followingfollowing generalgeneral
expressionexpression forfor thethe twotwo--wayway velocityvelocity ofof lightlight (M(M.. CC.. ,, CC.. MathesonMatheson andand AA.. Pluchino,Pluchino, EPJEPJ
PlusPlus 20132013,, seesee alsoalso MM..CC.. FoundFound.. ofof PhysPhys.. 20152015,, AppendixAppendix 11))::

2
2k 2k

k 0

cc ( ) 1 P (cos )
N

∞

γ
=

⎡ ⎤
θ ≈ − εβ ς θ⎢ ⎥

⎣ ⎦
∑

where       is the angle between light propagation and the Earth’s  velocity,                      where       is the angle between light propagation and the Earth’s  velocity,                      
are the Legendre polynomials and             are coefficients which depend on the  type of are the Legendre polynomials and             are coefficients which depend on the  type of 

2kP (cos )θ
2kς

θ
g p y p ypg p y p yp

convective  currents established in the gas. convective  currents established in the gas. This is exactly the same structure previously 
obtained from more general arguments 

2kς

Still, there is one more  derivation of the  Still, there is one more  derivation of the  εε →→ 0 limit with a preferred frame  which uses 0 limit with a preferred frame  which uses 
other symmetry arguments and is a particular case of  the previous structure. other symmetry arguments and is a particular case of  the previous structure. 



Light propagation in an ideal vacuumLight propagation in an ideal vacuumg p p gg p p g

CMB Earth



Light propagation in a gasLight propagation in a gasLight propagation  in a gasLight propagation  in a gas

CMB Earth



Simple formula for light anisotropy in a gasSimple formula for light anisotropy in a gas
ByBy usingusing LorentzLorentz transformations,transformations, toto connectconnect thethe CMB toto thethe Earth’sEarth’s frame,frame, oneone
obtainsobtains thethe expressionexpression forfor thethe twotwo--wayway velocityvelocity ofof lightlight

This isThis is a special case of the previous general expressiona special case of the previous general expression

2 2cc ( ) 1 (2 sin )
Nγ ⎡ ⎤θ ≈ − εβ − θ⎣ ⎦

This is This is a special case of the previous general expression  a special case of the previous general expression  

2cc ( ) 1 P (cos )
∞⎡ ⎤

θ β θ⎢ ⎥∑
where one setswhere one sets

2
2k 2k

k 0
c ( ) 1 P (cos )

Nγ
=

θ ≈ − εβ ς θ⎢ ⎥
⎣ ⎦

∑

andand forfor0
4
3

ς = 2
2
3

ς = 2k 0ς = k 1>3 3



Analysis of MichelsonAnalysis of Michelson’’s interferometers interferometer
If the velocity of light is different for different If the velocity of light is different for different 
directions,  there will be a fringe shift  by directions,  there will be a fringe shift  by 
rotating a Michelsonrotating a Michelson’’s interferometer Thes interferometer Therotating a Michelsonrotating a Michelson s interferometer. The s interferometer. The 
fringes depend on the time difference  fringes depend on the time difference  ΔΔt(t(θθ))

2D 2D2D 2Dt( )
c ( ) c ( / 2 )γ γ

Δ θ = −
θ π + θ

In a In a relativisticrelativistic formalismformalism oneone getsgets
2

2

( ) c t( ) D v (2 )cos2Δλ θ Δ θ⎡ ⎤ = ≈ ε θ⎢ ⎥⎣ ⎦

From which, by comparing with the classical resultFrom which, by comparing with the classical result

2
rel

( )cos
N c

ε θ⎢ ⎥λ λ λ⎣ ⎦

From which, by comparing with the classical result  From which, by comparing with the classical result  

there is a rethere is a re scalingscaling
2( ) D v cos2Δλ θ⎡ ⎤ ≈ θ⎢ ⎥

2 2 2v 2 v v→ ε ≡there is a rethere is a re--scalingscaling2
class

cos2
c

≈ θ⎢ ⎥λ λ⎣ ⎦ obsv 2 v v→ ε ≡



The The relativisticrelativistic formulaformula
In conclusion, in a gas of refractive index  In conclusion, in a gas of refractive index  N=1+ ε one expects a fringe patternone expects a fringe pattern

2v( ) DΔλ θ⎡ ⎤

where the where the observable velocity depends BOTH on the velocity depends BOTH on the kinematical velocity velocity 
d hd h h hh h

obs
2

rel

v( ) D cos2
c

Δλ θ⎡ ⎤ ≈ θ⎢ ⎥λ λ⎣ ⎦

and the and the refractive index throughthrough

AA 22ndnd harmonic amplitude which is reharmonic amplitude which is re--scaled by the tiny factorscaled by the tiny factor 2ε

2 2
obsv 2 v≈ ε

A A 22 harmonic amplitude which is reharmonic amplitude which is re--scaled  by the tiny factor  scaled  by the tiny factor  2ε
2

rel class
2 22

D vA 2 2 A
c

≈ ε ≈ ε
λ

ExampleExample:: propagationpropagation inin airair atat atmosphericatmospheric pressurepressure wherewhere .. InIn
thisthis case,case, forfor thethe fringesfringes wouldwould bebe 1717 timestimes smallersmaller thanthan thosethose
classicallyclassically expectedexpected forfor InIn gaseousgaseous heliumhelium wherewhere

airN 1.00029≈
v 300km / s=

v 30km / s= N 1 000035≈classicallyclassically expectedexpected forfor .. InIn gaseousgaseous heliumhelium wherewhere
thethe effecteffect wouldwould bebe 140140 timestimes smallersmaller !!

v 30km / s= heliumN 1.000035≈



Alternative interpretation of the dataAlternative interpretation of the data

The mean and variance of the 6 sessions is The mean and variance of the 6 sessions is EXP
2A 0.0165 0.0065= ±

From the relativistic relationFrom the relativistic relation
2EXP

2A 1 v2
0.2 12 30km / s

⎛ ⎞≈ ≈ ε⎜ ⎟
⎝ ⎠

one finds the one finds the observable velocity velocity 2 1.5
obs 1.7v 2 v 8.4 km / s+

−= ε ≈

and  the TRUE kinematical valueand  the TRUE kinematical value

which agrees well with the average Earthwhich agrees well with the average Earth’’s velocity 369s velocity 369 km/skm/s with respect towith respect to

62
70v 349 km / s+

−=

which agrees well with the average  Earthwhich agrees well with the average  Earth s velocity 369s velocity 369 km/skm/s with respect to with respect to 
the CMBthe CMB



Important remark: gases vs. solidsImportant remark: gases vs. solids
ShamirShamir andand FoxFox werewere awareaware thatthat thethe MMMM
experimentexperiment couldcould alsoalso bebe consistentconsistent withwith aa

li hli h ii ff 300300 k /k /2( / ) lightlight anisotropyanisotropy forfor vv ≈≈ 300300 km/skm/s

ThusThus theythey designeddesigned aa MMMM experimentexperiment inin aa

2(v / c)ε

solidsolid transparenttransparent mediummedium (perspex(perspex withwith
N=N=11..55)) wherewhere thethe effecteffect ofof thethe refractiverefractive
indexindex wouldwould havehave beenbeen enhancedenhanced

ThisThis enhancementenhancement waswas notnot observedobserved.. SoSo
theythey concludedconcluded thatthat thethe experimentalexperimental basisbasisyy pp
ofof specialspecial relativityrelativity waswas strengthenedstrengthened

HoweverHowever withwith aa thermalthermal interpretationinterpretation ofofHowever,However, withwith aa thermalthermal interpretationinterpretation ofof
thethe fringefringe shifts,shifts, thethe twotwo observedobserved
behaviors,behaviors, inin gasesgases andand solids,solids, cancan nownow bebe
reconciledreconciledreconciledreconciled



Miller’s extensive observations 1925-1926

From the re-analysis of Shankland et al.
(Rev Mod Phys 27 (1955) 167) it turns(Rev. Mod. Phys. 27 (1955) 167) it turns
out that the average 2nd harmonic of
Miller’s observation was EXP

2A 0.044≈
By normalizing this to the classical value 

for Miller’s apparatus
2

⎛ ⎞

class
2A 0.56≈

2EXP
obs2

Class
2

vA 0.044 1
A 0.56 12 30km / s

⎛ ⎞≈ ≈ ≈ ⎜ ⎟
⎝ ⎠

Again the average observable velocity is
about 8.4 km/s (and the kinematic v
about 349 km/s ) as for MM experimentabout 349 km/s ) as for MM experiment
Thus, the standard thermal interpretation
of Miller’s observations is only

From D. C. Miller, Rev. Mod. Phys. 5 (1933) 203

acceptable if the thermal effects have a
NON-LOCAL origin



1930: Joos1930: Joos’’ experiment in Jenaexperiment in Jena

G. Joos, Ann. Phys. 7 (1930) 385; Naturwiss. 38 (1931) 784G. Joos, Ann. Phys. 7 (1930) 385; Naturwiss. 38 (1931) 784





JoosJoos’’ observations  observations  

ObservationsObservations performedperformed eacheach hourhourpp
andand registeredregistered byby photophoto--cameracamera
AccordingAccording toto LL.. Swenson,Swenson, thethe opticaloptical
pathspaths werewere immersedimmersed inin aa heliumheliumpathspaths werewere immersedimmersed inin aa heliumhelium
bathbath
TheThe accuracyaccuracy ofof JoosJoos’’ measurementsmeasurements
remainsremains incomparableincomparable amongamong thethe
classicalclassical experimentsexperiments (reading(reading errorserrors
aboutabout ))42 10−± ⋅ ))
Unfortunately,Unfortunately, JoosJoos doesdoes notnot specifyspecify
thethe referencereference angularangular valuesvalues ofof hishis
measurementsmeasurements

2 10±

measurementsmeasurements
Therefore,Therefore, oneone cancan onlyonly extractextract
unambiguouslyunambiguously thethe 22ndnd harmonicharmonic
amplitudesamplitudes (NOT(NOT thethe phasesphases ))



22ndnd harmonic fit to Joosharmonic fit to Joos’’ fringe shiftsfringe shifts



JoosJoos’’ 22nd  nd  harmonic amplitudesharmonic amplitudes

The simplest model of cosmic The simplest model of cosmic 
motion has 3 parameters motion has 3 parameters 

wherewhere
( )V, ,α γ

V modulus=V modulus

right.asc.α =

angul declγ =

A fit to JoosA fit to Joos’’ amplitudes (where for the momentamplitudes (where for the moment V remains free) givesremains free) gives

angul.decl.γ =

A fit to JoosA fit to Joos amplitudes (where for the moment amplitudes (where for the moment V remains free) gives   remains free) gives   
o o(fit Joos) 168 30α − = ± o o(fit Joos) 13 14γ − = − ±

These values are in good agreement with the average CMB parametersThese values are in good agreement with the average CMB parameters

o(CMB) 168α ≈ o(CMB) 7γ ≈ −( ) (CMB) 7γ



The projection of the velocity at JenaThe projection of the velocity at Jena
InIn aa relativisticrelativistic treatment,treatment, thethe velocityvelocity extractedextracted fromfrom thethe datadata dependsdepends onon thethe refractiverefractive
indexindex N=1+ε ofof thethe gaseousgaseous mediummedium ForFor JoosJoos’’ experimentexperiment oneone findsfindsindexindex N 1+ε ofof thethe gaseousgaseous mediummedium .. ForFor JoosJoos experimentexperiment oneone findsfinds

A diA di illill hh ii f df d ii i li l hihi ii

2 2rel
52A v v2 7 10

0.375 30km / s 30km / s
−⎛ ⎞ ⎛ ⎞= ε ≈ ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

AccordingAccording toto Miller,Miller, thethe experimentexperiment waswas performedperformed inin aa partialpartial vacuumvacuum.. However,However, thisthis isis
byby nono meansmeans clearclear fromfrom JoosJoos’’ paperspapers
InsteadInstead LL.. SwensonSwenson JrJr.. reportsreports explicitlyexplicitly thatthat thethe opticaloptical pathspaths werewere immersedimmersed inin aa heliumhelium
bathbath seesee JournJourn.. HistHist.. AstronAstron.. 11 ((19701970)) 5656.. InIn thisthis case,case, fromfrom thethe experimentalexperimental meanmean andand
variancevariance

joos 3
2A (1.4 0.8) 10−= ± ⋅

and for gaseous helium, where                              one would apparently find a kinematical and for gaseous helium, where                              one would apparently find a kinematical 
projectionprojection

heliumN 1.000035≈

66
79v 217 km / s+

−=

to compare with the CMB value at Jenato compare with the CMB value at Jena

Jena 40
CMB 70v 330 km / s+=CMB 70v 330 km / s−



ApartApart fromfrom thethe discrepancydiscrepancy onon thethe averageaverage projection,projection, therethere isis aa strongstrong
differencedifference betweenbetween thethe "" highhigh "" andand "" lowlow "" datadata (about(about aa factorfactor ofof 1212))d e e ced e e ce betweebetwee t et e gg a da d owow datadata (about(about aa actoacto oo ))

InIn aa smoothsmooth modelmodel ofof thethe etherether--driftdrift valuesvalues asas Jena 40
CMB 70v 330 km / s+

−=

wouldwould onlyonly givegive aa differencedifference byby aa factorfactor ofof 22.. Thus,Thus, byby changingchanging thethe
overalloverall normalization,normalization, oneone cancan reproducereproduce thethe highhigh datadata oror thethe lowlow onesones butbut
NOTNOT bothbothNOTNOT bothboth..
However,However, byby comparingcomparing thethe chichi--squaresquare ofof JoosJoos’’ amplitudesamplitudes withwith thosethose
obtainedobtained fromfrom casualcasual sequencessequences ofof 2222 entriesentries therethere isis differencedifference ofof anan orderorder

ff i di d h fh f hh bb hh h i lh i l iiofof magnitudemagnitude.. Therefore,Therefore, thosethose numbersnumbers havehave aa physicalphysical meaningmeaning



Stochastic nature of the " etherStochastic nature of the " ether driftdrift ""Stochastic nature of the   etherStochastic nature of the   ether--driftdrift

Th b d diff b J i l d i i lThe observed difference between Joos maximal and minimal
amplitudes cannot be explained in a smooth model of the ether-
driftdrift.
The idea of a smooth phenomenon derives from the simple
model of a fluid in laminar regime. In this case global and localmodel of a fluid in laminar regime. In this case global and local
velocity fields coincide.
However, differently from a direct measurement of the CMB in, y
space, in a laboratory the effect of the temperature gradient is only
indirect. It goes through intermediate steps as in a fluid in

b l i h l b l d l l l i fi ld lturbulent regime where global and local velocity fields are only
indirectly related.



Velocity field and fringe shiftsVelocity field and fringe shifts
At a given time fringe shifts, in a medium  with At a given time fringe shifts, in a medium  with N=1+ ε ,  depend on a pair ,  depend on a pair 

2( ) D v (t)2 2[ (t)]Δλ θ⎡ ⎤ θ θ

0[v(t), (t)]θ

This can be rewritten asThis can be rewritten as

02
rel

( ) ( )2 cos2[ (t)]
c

⎡ ⎤ = ε θ − θ⎢ ⎥λ λ⎣ ⎦

⎡ ⎤

with with 
rel

( ) 2C(t)cos2 2S(t)sin 2Δλ θ⎡ ⎤ = θ + θ⎢ ⎥λ⎣ ⎦

2D ( ) 2D ( )

Thus, by introducing the  xThus, by introducing the  x--y velocity components in the plane of the interferometery velocity components in the plane of the interferometer

2

02

D v (t)C(t) cos 2 (t)
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ε
= θ
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02

D v (t)S(t) sin 2 (t)
c

ε
= θ

λ

, y g, y g y y p py y p p

tt

x 0v (t) v(t)cos (t)= θ y 0v (t) v(t)sin (t)= θ

one getsone gets
2 2
x y

2

v (t) v (t)DC(t)
c
−ε
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λ
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2v (t)v (t)DS(t)
c

ε
=
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Stochastic velocity fieldStochastic velocity field
The  xThe  x--y velocity components can be simulated, in simple model of statistically homogeneous y velocity components can be simulated, in simple model of statistically homogeneous 
turbulence, by unsteady random Fourier  series, see e.g. J. C. Fung et al., J. Fluid Mech. 236 turbulence, by unsteady random Fourier  series, see e.g. J. C. Fung et al., J. Fluid Mech. 236 
(1992) 281)(1992) 281)(1992) 281). (1992) 281). 

x n n n nv (t) x (1)cos t x (2)sin t
∞

= ω + ω⎡ ⎤⎣ ⎦∑ y n n n nv (t) y (1)cos t y (2)sin t
∞

= ω + ω⎡ ⎤⎣ ⎦∑

Frequencies are with periodFrequencies are with period

n 1=
⎣ ⎦∑ y

n 1=
⎣ ⎦∑

2nπ
ω = 0.1T T 10T≤ ≤Frequencies are                         with periodFrequencies are                         with period

The coefficients                            and                         are random variables with zero mean The coefficients                            and                         are random variables with zero mean 
chosen inside given boundaries and respectivelychosen inside given boundaries and respectively

n T
ω = day day0.1T T 10T≤ ≤

nx (i 1,2)= ny (i 1,2)=

[ (t) (t)] [ (t) (t)]chosen inside given boundaries                                 and                                  respectively. chosen inside given boundaries                                 and                                  respectively. 

In a uniform probability model their quadratic averages are In a uniform probability model their quadratic averages are 

x x[ v (t), v (t)]− y y[ v (t), v (t)]−

2
2 x
n 2

v (t)x (i 1,2)
3n

= =
2
y2

n 2

v (t)
y (i 1,2)

3n
= =



The amplitude in a stochastic modelThe amplitude in a stochastic modelThe amplitude in a stochastic modelThe amplitude in a stochastic model

A smooth velocity field                                 produces a A smooth velocity field                                 produces a 22nd  nd  harmonic amplitudeharmonic amplitude( )x yv (t), v (t)

2 2v (t) v (t)2 D ⎛ ⎞+ε

Instead in the considered stochastic model a full statistical average of theInstead in the considered stochastic model a full statistical average of the

x ysmooth
2 2

v (t) v (t)2 DA (t)
c

⎛ ⎞+ε
≈ ⎜ ⎟⎜ ⎟λ ⎝ ⎠

Instead, in the considered stochastic model, a full statistical average of the  Instead, in the considered stochastic model, a full statistical average of the  
amplitude (as for an infinite number of measurements) would giveamplitude (as for an infinite number of measurements) would give

2 2 2(t) (t)2 D 1∞⎛ ⎞+2 2 2
x y smooth

2 22 2stat
n 1

v (t) v (t)2 D 1A A (t)
c 3n 18

∞

=

⎛ ⎞+ε π
= =⎜ ⎟⎜ ⎟λ ⎝ ⎠

∑

In this way, in a stochastic model, one gets higher velocity values from the same In this way, in a stochastic model, one gets higher velocity values from the same 
data  data  



Numerical simulations vs. JoosNumerical simulations vs. Joos’’ amplitudesamplitudes

To fix the boundaries of the stochastic velocityTo fix the boundaries of the stochastic velocity

Numerical simulations vs. JoosNumerical simulations vs. Joos amplitudesamplitudes

( )v (t) v (t)To fix the boundaries                      of the stochastic velocity  To fix the boundaries                      of the stochastic velocity  
components, we have chosen the kinematical parameters which components, we have chosen the kinematical parameters which 
describe the CMB anisotropydescribe the CMB anisotropy

( )x yv (t), v (t)

pypy

This corresponds toThis corresponds toThis corresponds to This corresponds to 

CMBV 369km / s= o
CMB 168α = o

CMB 6γ = −

With these values, one can study the dependence on the With these values, one can study the dependence on the 
remaining parameters of the simulation, namely the random remaining parameters of the simulation, namely the random g p , yg p , y
sequence and the number of Fourier modes. sequence and the number of Fourier modes. 



JoosJoos’’ amplitudes are compared with the result of a amplitudes are compared with the result of a single simulation simulation 
for fixed random sequence and fixed number of Fourier modesfor fixed random sequence and fixed number of Fourier modesfor fixed random sequence and fixed number of Fourier modes for fixed random sequence and fixed number of Fourier modes 



li dli d dd i hi hJoosJoos’’ amplitudesamplitudes areare comparedcompared withwith aa simulation of the averaging
process over 10 hypothetical measurements performedperformed atat thethe
samesame JoosJoos timestimes ErrorsErrors taketake intointo accountaccount thethe variationvariation ofof bothboth thethesamesame JoosJoos timestimes.. ErrorsErrors taketake intointo accountaccount thethe variationvariation ofof bothboth thethe
randomrandom sequencesequence andand thethe numbernumber ofof FourierFourier modesmodes







Probability histogram for JoosProbability histogram for Joos’’ picture 11 picture 11 



Probability histogram for JoosProbability histogram for Joos’’ picture 20picture 20



GoodGood agreementagreement betweenbetween JoosJoos’’ amplitudesamplitudes andand numericalnumerical
simulationsimulation inin whichwhich thethe stochasticstochastic fluctuationsfluctuations ofof thethe velocityvelocity
fieldfield areare controlledcontrolled byby thethe kinematicalkinematical parametersparameters associatedassociated withwith
thethe macroscopicmacroscopic EarthEarth’’ss motionmotion withwith respectrespect toto thethe CMBCMBthethe macroscopicmacroscopic EarthEarth’’ss motionmotion withwith respectrespect toto thethe CMBCMB

Th fTh f ii thithi d ld l JJ ’’ thth d iftd ift i ti t bbTherefore,Therefore, inin thisthis model,model, JoosJoos’’ etherether--driftdrift experimentexperiment becomesbecomes
consistentconsistent withwith thethe rangerange ofof velocityvelocity deduceddeduced byby directdirect CMBCMB
observationsobservations inin spacespaceobservationsobservations inin spacespace

Jena 40
CMB 70v 330 km / s+

−=



Summary of the classical experimentsSummary of the classical experimentsSummary of the classical experimentsSummary of the classical experiments



A i k l k t MillA i k l k t Mill ’’ d MPP d td MPP d tA quick look at MillerA quick look at Miller’’s and MPP datas and MPP data
(MPP=Michelson(MPP=Michelson--PeasePease--Pearson)Pearson)

AsAs seenseen inin thethe figure,figure, MillerMiller’’ss
amplitudesamplitudes forfor maximalmaximal (about(about
1414 km/s)km/s) andand minimalminimal (about(about 441414 km/s)km/s) andand minimalminimal (about(about 44
km/s)km/s) observable velocityvelocity
differdiffer byby aa factorfactor ofof 1212,, asas inin
JoosJoos’’ datadataJoosJoos datadata

AA valuevalue ofof aboutabout 44 km/skm/s (or(or((
smaller)smaller) correspondscorresponds toto thethe
onlyonly knownknown sessionsession explicitlyexplicitly
reportedreported (by(by FF.. Pease)Pease) forfor thethereportedreported (by(by FF.. Pease)Pease) forfor thethe
MPPMPP experimentexperiment.. SuchSuch lowlow
valuesvalues cancan easilyeasily explainedexplained inin aa
stochasticstochastic modelmodel ofof thethe etheretherstochasticstochastic modelmodel ofof thethe etherether--
driftdrift



Probability histogram for the only known MPP sessionProbability histogram for the only known MPP session

The median is 0.007 and the 70% CL  is between 0.001 e 0.029. This corresponds to The median is 0.007 and the 70% CL  is between 0.001 e 0.029. This corresponds to 
observable velocities between 1.8  e  9.4 km/s. observable velocities between 1.8  e  9.4 km/s. 



The MIT 1963 experimentThe MIT 1963 experiment

TheThe apparatusapparatus byby Jaseja,Jaseja, Javan,Javan, MurrayMurray
andand Townes,Townes, PhysPhys.. RevRev..133133 ((19641964))andand Townes,Townes, PhysPhys.. RevRev..133133 ((19641964))
AA12211221
BeatBeat signalsignal betweenbetween duedue HeHe--NeNe masersmasers

l dl d t tit ti t blt blplacedplaced onon aa rotatingrotating tabletable
WithWith aa refractiverefractive indexindex N=1.00004, thethe
shiftshift expectedexpected forfor 45

60v 320 km / s+
−≈

isis 3
412 kHz+

−Δν ≈

60

ThereThere waswas howeverhowever aa spuriousspurious constantconstant
effecteffect ofof aboutabout (due(due toto
magnetostriction)magnetostriction).. Thus,Thus, oneone cancan onlyonly

271 kHz

studystudy thethe timetime variationvariation ofof thethe signalsignal
andand comparecompare withwith thethe estimateestimate

3271 kH+3
4271 kHz+

−



Time variations of the signalTime variations of the signalTime variations of the signalTime variations of the signal

TheThe datadata byby JasejaJaseja etet alal..
forfor thethe timetime variationsvariations ofofforfor thethe timetime variationsvariations ofof
thethe signalsignal
TheThe doubledouble arrowarrow
i di ti di t thth i li lindicatesindicates thethe maximalmaximal
timetime variationsvariations expectedexpected
inin thethe samesame modelmodel usedused
forfor thethe classicalclassical exptsexpts..

TheThe datadata havehave veryvery largelarge errorserrors.. However,However,
theythey areare consistentconsistent withwith thethe theoreticaltheoretical modelmodel
adoptedadopted forfor thethe classicalclassical experimentsexperimentspp pp



Check with the modern experimentsCheck with the modern experiments

Modern experiments look for an anisotropy of the twoModern experiments look for an anisotropy of the two--way velocity of light through the way velocity of light through the 
relative frequency shift of two lasers stabilized with  Fabryrelative frequency shift of two lasers stabilized with  Fabry--Perot  optical cavities (where Perot  optical cavities (where q y yq y y p (p (
a high vacuum is made)a high vacuum is made)

0

(t) 2S(t)sin 2 2C(t)cos 2Δν
= θ + θ

ν 0
2

02

v (t)S(t) sin2 (t)
c

≈ ε θ
2

02

v (t)C(t) cos2 (t)
c

≈ ε θ

From present data in vacuum,  From present data in vacuum,  S(t) and
C(t) have instantaneous valuehave instantaneous value 15O(10 )−

Instead , by inserting air or gaseous Instead , by inserting air or gaseous 
helium in the cavities, one should helium in the cavities, one should 
obtain                  and                    obtain                  and                    9O(10 )− 10O(10 )−

respectivelyrespectively

This and other tests should be possibleThis and other tests should be possible

O(10 ) O(10 )

This and other tests should be possible This and other tests should be possible 
with a new generation of dedicated with a new generation of dedicated 
experiments experiments 



Conclusions and outlookConclusions and outlook
Classical Michelson-Morley experiments in gaseous systems have always shown small
residuals, usually interpreted as spurious effects, mostly of thermal origin
O l i i di i d h h h l ff h NON LOCAL i iOur re-analysis indicates, instead, that these thermal effects have a NON-LOCAL origin.
Indeed, when re-analyzed in a relativistic formalism, the typical kinematical Earth’s
velocities are well consistent with the 370 km/s value obtained from direct observations
of the CMB in space Consistenc is also fo nd ith the onl modern e perimentof the CMB in space. Consistency is also found with the only modern experiment
performed in similar conditions (Jaseja et al. MIT, 1963)
Therefore, this alternative interpretation should be checked with a new generation of
d di t d l i t f t t d th diti f th l tdedicated laser interferometers to reproduce the conditions of those early measurements
with today’s much greater accuracy. These could provide precious complementary
information to the direct CMB observations in space
A bi fi i ld l i l h ll h i l h iA non ambiguous confirmation would also imply that all physical systems on the moving
Earth (and on any other celestial body) are exposed to an energy flow. This flow is very
weak today but was substantially stronger in the past when the temperature of the Cosmic
B k d R di ti hi h A h it h t d ( d till tBackground Radiation was higher. As such, it has represented (and still represents
today) a sort of background noise which is independent of any localized source. It is
known that such a type of non-equilibrium condition can induce (or could have induced)
forms of self organization in matter Therefore our result could also be relevant for thoseforms of self-organization in matter. Therefore, our result could also be relevant for those
research areas which look for the origin of complexity in nature


