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Covariant density functional (CDF) theoryCovariant density functional (CDF) theory
The nucleons interact via the exchange of effective mesons The nucleons interact via the exchange of effective mesons 
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U U –– nucleonic potentialnucleonic potential

V ~ 350 MeV/nucleonV ~ 350 MeV/nucleon
S ~ S ~ -- 400 MeV/nucleon400 MeV/nucleon
U ~ U ~ -- 50 MeV/nucleon 50 MeV/nucleon 
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Little attention has been paid to timeLittle attention has been paid to time--odd meanodd mean
fields in CDF theoryfields in CDF theory

8080thth -- magnetic momentsmagnetic moments
U. Hoffman and P. Ring, PLB 214, 307 (1988)U. Hoffman and P. Ring, PLB 214, 307 (1988)
R.J. Furnstahl, PRC 38, 370 (1988)R.J. Furnstahl, PRC 38, 370 (1988)
and some other authorsand some other authors

9090th       th       -- moments of inertiamoments of inertia
J.Konig and P.Ring, PRL 71,3079 (1993)J.Konig and P.Ring, PRL 71,3079 (1993)
A.A. and P.Ring, PRC C62, 031302(R) (2000)A.A. and P.Ring, PRC C62, 031302(R) (2000)

0000thth -- terminating statesterminating states
A.A., PRC 78, 054303 (2008) A.A., PRC 78, 054303 (2008) 

Mean fieldsMean fields

Action of timeAction of time--reversal operator Treversal operator T

TimeTime--even mean fieldseven mean fields TimeTime--odd mean fieldsodd mean fields



1.  1.  The Dirac equations for theThe Dirac equations for the fermionsfermions in the rotating frame in the rotating frame 
(one(one--dimensional cranking approximation)dimensional cranking approximation)

Tool:  cranked relativistic mean field theoryTool:  cranked relativistic mean field theory

Magnetic potentialMagnetic potential

--spacespace--like components of vector mesonslike components of vector mesons
--behaves in Dirac equation like a magnetic fieldbehaves in Dirac equation like a magnetic field

Nuclear magnetismNuclear magnetism

2. Klein2. Klein--Gordon Gordon 
equations forequations for mesons:mesons:

Two sources of timeTwo sources of time--reversal symmetry breaking:reversal symmetry breaking:
-- Coriolis termCoriolis term
-- magnetic potentialmagnetic potential

““timetime--oddodd”” meanmean
fields in nonfields in non--relativisticrelativistic

theorytheory

XX ĴΩ−



Nuclear magnetism (NM)=TimeNuclear magnetism (NM)=Time--odd (TO) mean fieldsodd (TO) mean fields

Abbreviations:Abbreviations:
NM NM –– nuclear magnetism is includednuclear magnetism is included
WNM WNM –– nuclear magnetism is neglectednuclear magnetism is neglected

Pairing is neglected Pairing is neglected 
in the calculationsin the calculations

SingleSingle--particle statesparticle states
are characterized by are characterized by 

signature signature 

ir ±=



The contribution ofThe contribution of
the the ρρ--meson is very small meson is very small 

in the majority of the casesin the majority of the cases

1. Dominance of the 1. Dominance of the ωω--meson in timemeson in time--odd mean fieldsodd mean fields

isoscalarisoscalar

isovectorisovector

Weak dependence on Weak dependence on 
the parametrizationthe parametrization

BT states: timeBT states: time--odd mean fields odd mean fields 
are defined with ~15% accuracyare defined with ~15% accuracy

A.A., PRC 78, 054303 (08)A.A., PRC 78, 054303 (08)



2. Impact of  time2. Impact of  time--odd mean fields on binding                odd mean fields on binding                
energies of oddenergies of odd--mass nuclei: general featuresmass nuclei: general features

RMFRMF--NL3NL3

1.1. NM always leads to additional bindingNM always leads to additional binding

2.2. Additional binding due to NM is notAdditional binding due to NM is not
clearly correlated with the structure clearly correlated with the structure 

of blocked state or deformationof blocked state or deformation

Such stateSuch state--dependence is seen in the effects of TO mean fieldsdependence is seen in the effects of TO mean fields
in Skyrme HF calculations,T. Duguet et al, PRC 65, 014310 (2in Skyrme HF calculations,T. Duguet et al, PRC 65, 014310 (2001)001)



2. Impact of  time2. Impact of  time--odd mean fields on binding energies of     odd mean fields on binding energies of     
oddodd--mass nuclei: parametrization dependencemass nuclei: parametrization dependence

SkyrmeSkyrme

ArAr--isotopesisotopes
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Additional binding due to NM (always Additional binding due to NM (always 
attractive) only weakly depends on the attractive) only weakly depends on the 

RMF parametrization. RMF parametrization. 

RMFRMF

In Skyrme DFT calculations the timeIn Skyrme DFT calculations the time--odd     odd     
mean fields can be both attractive and mean fields can be both attractive and 

repulsive (sign even depends on mass region)repulsive (sign even depends on mass region)

W. Satula, Proceedings of Nuclear W. Satula, Proceedings of Nuclear 
Structure'98 conference, Gatlinburg,  Structure'98 conference, Gatlinburg,  

Tenn., USATenn., USA



3. Neutron current distributions j3. Neutron current distributions jnn(r) in Ce isotopes:(r) in Ce isotopes:
dependence on dependence on ΩΩ of blocked stateof blocked state

Currents in Currents in 119119Ce are given atCe are given at
arbitrary units. Currents for other arbitrary units. Currents for other 
nuclei are normalized to nuclei are normalized to 119119CeCe

by using factor F. by using factor F. 



4. Breaking of Kramer4. Breaking of Kramer’’s degeneracy of singles degeneracy of single--particleparticle
states in the presence of timestates in the presence of time--odd mean fieldsodd mean fields

The energy splitting The energy splitting ΔΔEEsplitsplit between between 
different  signatures of the sdifferent  signatures of the s--p statesp states

119119CeCe

Signature splitting in the presenceSignature splitting in the presence
of TO mean field correlated withof TO mean field correlated with

additional binding due to NMadditional binding due to NM
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PolPol
PolPol
PolPol

PolPol

5.  Microscopic   5.  Microscopic   
mechanismmechanism

of impact of TO fieldsof impact of TO fields
on binding energieson binding energies



6. Physical consequences: impact of time6. Physical consequences: impact of time--odd meanodd mean
field on oddfield on odd--even mass staggeringeven mass staggering

withwith without without timetime--odd mean fieldsodd mean fields

WNMNMTO EEE −=δ



6. Physical consequences: impact of time6. Physical consequences: impact of time--odd meanodd mean
field on oddfield on odd--even mass staggering (OES)even mass staggering (OES)

αA
c

WTO=Δ=Δ~global trendglobal trend

Figure from G.F. Bertsch et al, PRC 79, 034306 (2009) Figure from G.F. Bertsch et al, PRC 79, 034306 (2009) 

Global trend when TO mean fields are included  Global trend when TO mean fields are included  ((ΔΔTOTO))

1010--12%12% ~5%~5%

Effect on proton OES  is smaller by a factor of 2Effect on proton OES  is smaller by a factor of 2



7. Physical consequences: impact of time7. Physical consequences: impact of time--odd meanodd mean
field on properties of proton emittersfield on properties of proton emitters

Schematic figureSchematic figure Proton partial halfProton partial half--liveslives
(from S.Aberg et al, PRC 56, 1762 (97)(from S.Aberg et al, PRC 56, 1762 (97)

A A AA’’ :  proton:  proton--unbound nucleus unbound nucleus proton boundproton bound

B B BB’’ :  still proton:  still proton--unbound, but proton partialunbound, but proton partial--half live changeshalf live changes



7. Physical consequences: impact of time7. Physical consequences: impact of time--odd meanodd mean
field on properties of proton emittersfield on properties of proton emitters

The impact of NM can be dramatic on the halfThe impact of NM can be dramatic on the half--lives of protonlives of proton
emitters in lighter nuclei, sinceemitters in lighter nuclei, since

(1)(1)The general increase of additional binding due to NM andThe general increase of additional binding due to NM and
the magnitude of the magnitude of ΔΔEEsplitsplit with decreasing masswith decreasing mass

(2)(2)The narrowing of the QThe narrowing of the Qpp window with the decrease of masswindow with the decrease of mass
due to lowering of the Coulomb barrierdue to lowering of the Coulomb barrier

Examples:  Examples:  6969Br Br –– the change in proton energy of around 300 keVthe change in proton energy of around 300 keV
causes a change in the proton decauses a change in the proton decay lifetime ofcay lifetime of

11 orders of magnitu11 orders of magnitude de 
[P.J.Woods et al, Ann.Rev.Nucl.Part.S[P.J.Woods et al, Ann.Rev.Nucl.Part.Sc. 47, 541 (97)]  c. 47, 541 (97)]  

Z=20 Z=20 –– halfhalf--life window of 10 to 10life window of 10 to 10--44 s corresponds to protons corresponds to proton
energies of 100energies of 100--150 keV in nuclei around Z=20 150 keV in nuclei around Z=20 

[V.I.Goldansky, NP 19, 48[V.I.Goldansky, NP 19, 482 (1960)]2 (1960)]
77B   B   -- variation of Qvariation of Qpp value between 3 to 50 keV changesvalue between 3 to 50 keV changes

halfhalf--lives by 30 orders of magnitudelives by 30 orders of magnitude
[S.Aberg et al, PRC 56, 1762 (97)][S.Aberg et al, PRC 56, 1762 (97)]



8. Impact of time8. Impact of time--odd mean field on singleodd mean field on single--particleparticle
states in oddstates in odd--odd nucleiodd nuclei

Skyrme EDF: 1. Energy of r=Skyrme EDF: 1. Energy of r=--1 state is not affected by TO mean fields1 state is not affected by TO mean fields
2.  |E(r=+1)2.  |E(r=+1)--E(r=E(r=--1)| ~ 2 MeV1)| ~ 2 MeV

From Molique  et al, PRC 61, 044304 (2000) From Molique  et al, PRC 61, 044304 (2000) 

Neutron statesNeutron states
are stronger affectedare stronger affected
by NM than protonby NM than proton

statesstates
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ππ and and νν currentscurrents
in the same directionin the same direction

ππ and and νν currentscurrents
in opposite directionsin opposite directions



8. Impact of time8. Impact of time--odd mean   odd mean   
fields on singlefields on single--particleparticle
states in oddstates in odd--odd nucleiodd nuclei

Signature separation is Signature separation is 

-- largelarge when the protonwhen the proton
and neutron currentsand neutron currents
are of the same orderare of the same order

of magnitudeof magnitude

-- smallsmall when the when the 
currents  are much currents  are much 
stronger in one stronger in one 
subsystem than subsystem than 

in anotherin another



9.      Are time9.      Are time--odd mean fields enhanced at N=Z ?odd mean fields enhanced at N=Z ?

SkyrmeSkyrme

W. Satula, Proceedings of Nuclear W. Satula, Proceedings of Nuclear 
Structure'98 conference, Gatlinburg,  Structure'98 conference, Gatlinburg,  

Tenn., USATenn., USA



2020Ne: the band Ne: the band 
terminating at I=8terminating at I=8++

The aligned singleThe aligned single--particle particle 
angular momentum <jangular momentum <jxx>>
at band termination doesat band termination does
not depend on presence ornot depend on presence or

absence of nuclear magnetismabsence of nuclear magnetism

Structure of the band withStructure of the band with
respect of respect of 1616O core:O core:

2
2/5

2
2/5 )()( dd νπ

10. Time10. Time--odd mean fields in terminating bandsodd mean fields in terminating bands



The maximum spin which canThe maximum spin which can
build within the configuration isbuild within the configuration is
the same in the calculations withthe same in the calculations with
and without nuclear magnetismand without nuclear magnetism

Additional binding Additional binding 
energy at bandenergy at band

termination due to termination due to 
timetime--odd mean fieldsodd mean fields

depends on singledepends on single--particleparticle
configuration:configuration:

It is maximum at the It is maximum at the 
terminating state for terminating state for 
a given configuration a given configuration 

JJ(2)(2)

10. Time10. Time--odd mean fields in terminating bandsodd mean fields in terminating bands



F.Brandolini et al,F.Brandolini et al,
PRC 70, 034302 (2004)PRC 70, 034302 (2004)
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EETO TO -- additional binding dueadditional binding due
to timeto time--odd mean fieldsodd mean fields

IImaxmax increases with nincreases with n

10. Time10. Time--odd mean fields in terminating bandsodd mean fields in terminating bands

timetime--odd mean fields are defined odd mean fields are defined 
with ~15% accuracy in the with ~15% accuracy in the 

nonnon--linear RMF parametrizationslinear RMF parametrizations
A.A., PRC 78, 054303 (08)A.A., PRC 78, 054303 (08)

WNMNM
TO EEE −=



11.   Are there experimental data which will allow to fix 11.   Are there experimental data which will allow to fix 
timetime--odd mean fields preciselyodd mean fields precisely

1. 1. magnetic momentsmagnetic moments
NONO, complex quantity (meson, complex quantity (meson--

exchange corrections, coupling to  exchange corrections, coupling to  
magnetic resonances magnetic resonances ……))

2. 2. moments of inertiamoments of inertia
PARTIALLYPARTIALLY, , 

requires systematic calculations        requires systematic calculations        
3.  3.  -- terminating statesterminating states

related to moments of inertiarelated to moments of inertia
NOT LIKELY NOT LIKELY 

SuperdeformedSuperdeformed
bandband

Smooth terminating Smooth terminating 
bandband

109109SbSb



ConclusionsConclusions
TimeTime--odd mean fields  (nuclear magnetism)odd mean fields  (nuclear magnetism)

-- are dominated by are dominated by ωω--mesonmeson
-- are always attractive in oddare always attractive in odd--mass nuclei (additional bindingmass nuclei (additional binding

due to NM) due to NM) 
-- show weak dependence on the parametrization for theshow weak dependence on the parametrization for the

nonnon--linear parametrizations             linear parametrizations             
-- should be taken into account when the strength of pairingshould be taken into account when the strength of pairing

is defined using oddis defined using odd--even mass differenceseven mass differences
-- affect the properties of proton emitters affect the properties of proton emitters 
-- oddodd--odd nuclei odd nuclei –– more complicated and can be more                  more complicated and can be more                  

attractive than attractive than in oddin odd--mass nucleimass nuclei
-- enhanced when proton and neutron occupyenhanced when proton and neutron occupy

the same singlethe same single--particle states  particle states  
-- should be taken into account for mass tablesshould be taken into account for mass tables

Outlook:Outlook: 1. manuscript submitted to PRC1. manuscript submitted to PRC
2. systematic study of rotating nuclei, densi2. systematic study of rotating nuclei, densityty--dependentdependent

meson couplings and scalarmeson couplings and scalar--vector couplings vector couplings 
–– manuscript  in  preparationmanuscript  in  preparation


