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Sample of evidence for solar 1 flux modulation
Modulations match known solar rates le.g, rotation)
Explanation: sterile  large transition magnetic moment

% role os hot dark mat+ter; possibiliﬁes for cold dark matter



Solar Y Flux Modulﬁion in Radiochenmical Experimen‘fs

Work of Sturrock, Scargle Walther, Weber, Wheatland
Homestake (C1): constant flux rejected at 299.9% C.L.
Two main frequencies (solar rotation rates)
Homestake: 12.88 9*1 (28.%4d), above solar equator
SAG E, GALLEX (Ga): 13.59 3"1 (26.9 d), equa'l'orial
Same frequencies in coronal X-rays (SXT on Yohkoh)
12.86+0.02 3'1 at high latitudes
13.55£0.02 3'1 at the equator



Loccr%ing the 3.6 9“' Modulation inthe Sun

Use GALLEX data with SOHO-MDI rotation Proj-.:iies
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Time Spectra Normalized Probabilﬁg Distribution Functions
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SXT+ Helioseismology
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Rotational Modulation Statistic forfied from the equatorial SXT data.
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Why Two Frequencies?
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Mainly pp 1, ("Be suppressed) produced at ~0.ZK,
Most 1, modulated by equatorial field rotation (1367
Homestake

1, made near Suns center at ~0.05 R

7°axis tilt makes most Y, MISS equa+oria’ field

Higher latitude field modulates most 1, as it rotates
Get mainly12.9 y” rate



GALLEX Event Distribution
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GALLEX data reordered by phase for <1359y’

Phase

>
= :
L
() @M
= e
= %a R oo
(3_ 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
10}
=
3
35
2o 100 0 100 200 300 400
10}
=
3
o ll.IlIIII
0 L L =
-200 -100 0 100 200 300 400

Flux



Underﬁmding a Bimodal 2 Flux Distribution

14 Survival Probobilities for 3 B Fields vs.E, /Am®
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Dip chosen near 0.86MeV ("Bl for data fit (pitar A7)
GALLEX flux dominated bg PP % (“Be supprefssed}

Rate determined by spectrum-pit overlap

B, change can give factor of 2 drop in rate (lower pedk~50)
Upper peak~100 (down from |28 by °5 0, ete)



Unders-l-onding +he Observations
Mognetic field effect, so Resanant-Spin-Flavor Precession
Subdominant +o LMA MSW oscillation (in series with RSFP)
Two types of frequencies: field rotation, r-modes
3v model (Friedland, Gruzinov; Balantekin, Volpe)
Effects are too small
RSFP in wrong location (small solar rodive)
%v: 147 with no mixing (DOC, used by Chauhan, Pulido)
vs avoids constraints (unitarity, % of solar 25 nucleosynthesis)
Size of flux modulation predicted correctly

Gives correct location of RSFP(0.3 RQ, convection zore)

Improves fit to +ime-avera9ed solar data



v, Survival Probabil ity vs. Energg
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Aw? chosen to fit al| +ime-averaged darta using | MA+RSFP

Same Am? gives RSFP at correct solar radius

RSFP survival probability dip improves fits

Super-K, SNO spectra are flat with energy

Lower energy: Cl result is 2.5¢ too low for LMA
Different 2, used by de Holanda, Smirnov for +his
Modulation ~77 for Super-K; canbe big for Ga (pp )



Mass Evolution with 50\ar Radius
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Problems with Analgses

Small effect and very transient

Convection zone magnetic field Changes with solar cgde
r-mode frequencies are even move episodic

Examp|e: Pandola gets same peak (13.69‘1) in GALLEX-GNO "but
He sums t+he two experiments, but the solar Cgcles dif fer
Looking for rotation effect (12:0133 gi) but uses 0-26 9"1
Doesn't use all the information (stop times, not yun length
Doesn't consider harmonics (99.7 7. C.L.>49.967)




Convection-zone tield changes at solar maximum, minimur

GALLEX: Cumulative Power of =13.59 9"
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Pairs of peaks with 'Frequencies 2:1 ratio



Super -Kamiokande 5-day Dota
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Super—Kamiol(ande gets same peaks, but not Signiﬁcqnﬂg

Spec‘rrum above uses much more experimen’ral imrorm’rfon



Solar Magnetic Field in the Super-K Time Interval
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B-Field Rotation Rate 9'1
Only 396 y™ can be prominent in Super-K 5-day data
13.2020.l4 y ™" votation rate (peaks 3-7) gives 39604042y’
Peak C of power 8.9l in that band at 9957 CL



Cumulative Power of =396 g'
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Origin of Peaks A and B

Refrogmde waves (r-modes) move B regions injout of % pon‘h
Modulation: interference of r-mode frequency, B-field rotation
vzlm%*%’ﬁ (er)Emeg |, where 2= synodic rotation trequency

+sign: v :1%1':—'10 (e+l) seen (I Gadata at Rieger vcrequencies

i 3, m=] 2,3 and 7/R=|2.88 9"1 9ives Vi 3 4.6,6.q9"1(we“—l<nown)
~sign:v= / MVR‘R%_% (4#)

Feom magnetic field: 7.=13.20+ 014 y?

This 24 and §=m=2 gives 9.47:0.09 and 43.33i0.4'79“1
Peak Az 9.43 with power 11.51 matches ot 99987 CL
Peak B: 43,72 with power 4.83 matches at 9.7 7, CL.



 kffect of Increased Information for 9.43 3—|
Using run midtime only, power=5.90

For run mean live time, power=6.8 (Super-K's result)

Run mean live time+experimental error, power=9.56
Run start,end +imes+ " a- o o BB

S BT . I.67
In addition, +aking account of error asymmetry = 3.24

Start end, mean Himest v




Signiﬂcance of Power via Simulations
800

700

Count per Bin
D
o
o

0 5 T Pc;lveer T L15 20

6.8 .67—13.24 (99.9%CL)
(17, of simulations exceed power of @18 (SK result)
0.8 % of simulations exceed power of 1.6/ (likelihood)



Comment on Recent SNO Results

Problems which wash out the effects €77)
Neutral-current events should not be included
Search band is oo wide for solar frequencies
Assumes effects are constant in time (used L0, salt)
Comparison of 4™ frequency in SNO and SuperK
Inlby overlop, power is small(~3) and equal for both
Rest of SuperK gives large power (12.2)

r-mode is very episodic, as for sunspots, solar flares
Analysis in progress of 1,0 data (salt data hopeless)
One-day data, but big neutral-current "background”
Evidence for magnetic field rotation peaks 3, 7 +-clay)



Possible Implicaﬂons for Dark Matter

Solar 74 only direct evidence for a sterile neutrino
No mixing with active neutrinos

Interactions via large transition magnetic moment
Solar £ as hot dark matter

Non-thermal late production

Avoids usual limits on hot dark matter

May play a useful role for small-scale structure
Cold dark matter; if heavier, similar sterile -
Advan‘i'ages of keV 1, given bc\., Kusenko, Shaposhni'(ov
This fype of sterile v avoids the limits

Working on exciﬂng consequences



Conclusions
Evidence for flux modulation at 99.9% CL for SK, Ga, C|
Modulations match known solar 'Frequencies
Other ona'gses too insensitive for subdominant RSFP
Transition mognetic moment and sterile 24 required

OPens new physics and aﬂrophgsics Possibiliﬁes
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