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Voyager 1.

Deuterium & Boron
excesses

Remembering Ed Stone /m
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Elemental
spectra

* Agree well with
standard plain
diffusion

GALPROP models,

except for the
Boron excess at
~30-60 level

* Details of the 8
GALPROP models
are in the
following slides

* All model spectra
are consistent

..GCR_comp/v1/2013.../v1.28spectra.stacked.nodecon.all.a.2013.1.2021.365.ps
Voyager 1 in the VLISM (2013/1—2021/365) (Curves are from 8 GALPROP models a, no primary 2H or B)
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|sotopic spectra

Although 8 GALPROP models have
different propagation parameters
derived independently, the isotopic
spectra are all consistent

Source abundances (conventional):
’H, 3He, Li, Be,B=0

The agreement is good, except for

’H and 11B+1°B

Boron: Tried many options including
increased weight of B data points
(up to x100) — did not work well
(e.g. C becomes crazy)

Origin of ?H and B excess — see
following slides
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Jul 1 08:54 2024 File : /home/valkyr/ace/sm/voyager/opj24_iso/Model_o/Isotope_spectro_4x3_H_Si_oll_a.ps
V1 HET 2 Isotope Spectra for 2013/1-2021/365 (Curves are 8 GALPROP models a, no primary 2H or B)
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Voyager 1
2H and B

— model
calculations with zero
source abundances

Excess in ?H is very
significant

Excess in 11B is ~40%

Excess in B, above 30
MeV/n is ~30%

Significant excesses
x1.6 and x2.6 at 23
MeV/n and at 7 MeV/n
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GALPROP models

Use only Voyager 1 data — there is no
modulation

Tuned to match the local interstellar
spectra (LIS, Boschini+2020) at higher
energies

lonization energy losses at low energies
are fast, reacceleration and convection
are slow processes => Plain Diffusion
Model — fewer parameters

Single injection index for all species

SUGAR Workshop/I.Moskalenko

8 models to cover available options in cross
sections = 2 options for isotopic production
cross sections X 4 options for total inelastic
cross sections

Worked hard to update the cross section
parameterizations (see following slides) — this
improvement gave us more confidence, but
did not eliminate the ?H and B excesses

Source distribution: pulsar distribution by
Lorimer+2006

CO, H |, H Il gas — standard distributions

Xco(R) = 1019-6+0:066R mgp], cm ~2/(K km s72)

10



Hypotheses of the origin of “H & B excesses

i. Accuracy of isotopic production and fragmentation Xsections
ii. Instrumental: production of ?H & B in the window material

iii. Primary 2H & B components at low energies

SUGAR Workshop/I.Moskalenko
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Deuteron prOdUCﬁOn Cross Principle of detailed balance

(direct & inverse reactions):

sections (GALPROP v57) G S, + DQSi+ D p?  3p?
o QS+ 172 p? 2p?
* Includes all p+A and a+A reactions ‘o -
* “He is the main progenitor g ﬁZTd (fUSionF),p--md N
90 R B — é PP T +d-->pp —o—
g5 PtiHe—ppn+d+X A e
§ o pt*He—p+2d+X e’ | g
3 of D+*He— He+d+X (pick up, E;,=23 MeV)
S
jz H o . 0.1f :
o M | M* _______ ._ ;
s AN |
. g e Porter+2022 0.0100 — ---1-000
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Updated isotopic production cross sections

Table 3. Most significant reevaluated and updated production cross sections

Reaction Isotopes of
Targets p+A—B Products Interest
7Li, 7'9Be, IO'IIB, 12,130, 14,15N, 160, 56Fe - 6’7Li, 7Be 6’7Li
QBe’ IO’UB, nat,l2,130’ nat,ld,lSN’ nat,lGO, nat,24NIg’ nat,ZSSi, nat,32S, nat,56Fe - 7’9’1089, IOB, IOC 7,9,IOBe
llB, nat,lZ,lSC’ nat,ld,lSN, nat,lGO, 20’22Ne, nat,241\,{g, nat,ZSSi, nat,SGFe — lOBe’ IO,IIB, lOC lO,llB
nat,ld,lSN, nat,lGO, 2°=22Ne, nat,241\,{g, nat,ZSSi, nat,SGFe - 130, 13N 13C
nat,lGO, 20'22Ne, nat,24NIg’ nat,ZSSi, nat,32sj nat,SGFe - ISN, 150 ISN
IQF, 20’22Ne, 23N&, nat,24Mg’ 27A1, nat,ZSSi, nat,SZS, nat,56Fe - 17C, 17N, 17,180, 17,180
17’18F. 17’,18Ne
20'22Ne, 23N&, nat,ZAL,Ig’ nat,ZSSi, nat,,328, nat,56Fe - lQF, léNe IQF
nat,2dMg’ 27Al, nat,288i, nat,SGFe - 21’22Ne, 21’22N& 21,22Ne
nat,dS,dQTi’ nat,SZCr’ nat,SGFe — 450&, ASSC’ dSTi ASSC
nat,52cr, 551\/1!1, nat,SGFe - 4708., 46’47’48’49’5080, 44’46’47’48’49’50Ti, 50,51V

44,46,47,48,49,50,51
b}
46,47,48,49,50,51
,47,48,49,50,51y
48,4951y 49,51,64\ [

Will be available with the next version of GALPROP

SUGAR Workshop/l.Moskalenko
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Why ?H excess is not instrumental

Energy spectra in the heliosheath (blue)
and in the very local ISM (red)

Below 50 MeV/nuc the anomalous CR (ACR)

He intensity in the heliosheath is much
larger than the GCR intensity in the very
local ISM

“He is the main progenitor of H (and 3He)

in CRs. Assume same for mylar/sheldahl
windows

Yet, with higher ACR He intensity below
MeV/nuc, the ?H intensity in the

-1

Intensity (m? s sr MeV/nuc)

50

heliosheath is lower, not higher, than in the

very local ISM !

This is the strongest argument as to why
nuclear interactions in the windows are not

responsible for the excess *H
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Boron is not
instrumental either

Energy spectra in the heliosheath

(blue) and in the very local ISM (red)

Below 50 MeV/nuc the anomalous
CR (ACR) CNO intensity in the
heliosheath is much larger than the
GCR intensity in the very local ISM

CNO are the main progenitors of B

Yet, with higher ACR CNO intensity
below 50 MeV/nuc, the B intensity
in the heliosheath is lower, not
higher, than in the very local ISM!

This is the strongest argument as to
why nuclear interactions in the
windows are not responsible for the
excess B

Jul 10 10:45 2024 File : /home/valkyr/sm/voyager/apj24_iso/v1.C.B_N.B_0.B.2periods.spectra.ps
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Primary “H and B

Allow free abundances of 2H and B
(3He, Li, Be = 0)

Again 8 GALPROP models

Good fit for all species for all 8 models
including ?H and B

Origin of primary ?H

(Caselli & Ceccarelli 2012)

o Deuteration of organic molecules
and dust grain surfaces

o Deuterium released under heating
or passing shock (Linsky+2006)

(m? s sr MeV/nuc)™’ (m? s sr MeV/nuc)™

(m? s sr MeV/nuc)™’
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[
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o

107!

107"

1072

107*

10°°

Jun 26 12:40 2024 File : /home/valkyr/ace/sm/voyoger/apj24._iso/Model_c/Isotope_spectro_4x3_H_Si_all_c.ps
V1 HET 2 Isotope Spectra for 2013/1-2021/365 (Curves are 8 GALPROP models ¢, with primary 2H & B)
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*2H/1H abundance ratio can vary by
orders of magnitude in different
environments

*In the gas phase 2H/!H ratio is ~10™
— close to the primordial ratio

*Organic molecules and dust grain
surfaces show enhancements of the
’H/1H ratio of up to 13 orders of
magnitude with respect to the
elemental 2H/'H abundance ratio
(i.e. in the form of H, D, H,, D,, HD)

*2H/1H~0.1-1 values are quite
common

*The origin of such enhancements
and the complex deuterium
chemistry on the dust grain surfaces
is widely discussed in the literature
(Caselli & Ceccarelli 2012)

Primary “H & B
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* Coulomb losses not
included

* ny~1 cm3, He/H=0.1

* The timescale <100 yr
(10 MeV/n, Fe) to ~10
Myr (100 MeV/n, H)

* The effective
propagation distances
(upper limit) at 10
MeV/n: from 0.8 kpc
(H) to 0.1 kpc (Fe) in
different models

* At 100 MeV/n it is <2
kpc for most species

lonization energy
and propagation ¢

10%

yr
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AMS-02 reports of the primary component in H

PHYSICAL REVIEW LETTERS 132, 261001 (2024)

Properties of Cosmic Deuterons Measured by the Alpha Magnetic Spectrometer

M. Aguila:r,29 B. Alpat,35 G. Ambrosi,35 H. Anderson,10 L. Arruda,27 N. Attig,24 C. Bagwell,lo F. Barao,27 M. Barba.nera,35

Above ~13 GV we find a nearly identical rigidity dependence of the D and p
fluxes with a D/p flux ratio of 0.027 4+ 0.001. These unexpected observations indicate that cosmic
deuterons have a sizable primarylike component. With a method independent of cosmic ray propagation,
we obtain the primary component of the D flux equal to 9.4 £ 0.5% of the “He flux and the secondary
component of the D flux equal to 58 & 5% of the *He flux.

SUGAR Workshop/I.Moskalenko 20



The AMS-02 cosmic ray deuteron flux is consistent with a secondary origin

Qiang Yuan'?

AMS-02, PRL 2024

*

and Yi-Zhong Fanl’z’T‘
arXiv: 2406.19315
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Contributions of H-Fe are important
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AMS-02;:
Helium-3 excess

® x R?7 [(m? srs GV'7) 7]

SUGAR Workshop/I.Moskalenko
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PRL 123, 181102 (2019)
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Helium-3

Standard parameters:

Same propagation parameters

used for all species 1H — %*Ni

Tuned using the B/C and
10Be/?Be ratios

Alternative propagation:

Derived from the fit to the
3He/%He ratio

Halo size fixed at 4 kpc

Secondary 3He production by
Z>2 species is calculated with
the standard parameters

Table 1. Best-fit propagation parameters for /- and P-scenarios

Model

Parameter Units Standard Alternative

zn  Kkpc 4.0+ 0.6 4.0 (fixed)

Do(R=4GV) 10*® cm?s™* 4.340.7 5.9+ 1.0
5 .- 0.415 + 0.025%|] 0.19 + 0.06

Varr kms™? 30 + 3 27.3+5

AVeony /dz  km s~ kpe™* 9.84 0.8 242
n 0.70 1.2

@The P-scenario assumes a break in the diffusion coefficient with index
01 = O below the break and index do = 0.15 &+ 0.03 above the break
at R = 370 4 25 GV (for details see Boschini et al. 2020b).

SUGAR Workshop/I.Moskalenko
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Diff. Intensity x R%7 [(m? s sr)~}(GV)17]
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The HelMod Perspective

The HelMod Model evaluatesthe solar modulation through the
heliosphere. The Model is continuously updated, including, e.g.,
the shape of the outer heliosphere, and time variation of
rigidity dependence of diffusion tensors...

May 2011

July 2011
September 2011

November 2011

January 2012

March 2012
May 2012

June 2012
April 2012
February 2012

December 2011
October 2011
August 2011

June 2011
April 2011

] 10%

The model describes the interplanetary medium following the solar
disturbances propagation time from the Sun.
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The HelMod Perspective

Model parameters are tuned
along a complete 22-year
solar cycle using CR proton
data with the highest
statistics and lowest
systematics
The same parametrization is
then applied to all nuclei.

Differential Intensity [(m? s sr GV)~1]

—— HelMod-4 Y PAMELA ApJ2013

Latest updated, | awaom momhymean s
HelMod-4 (v5.1), o
was tuned including AMS-
02 daily proton flux up
to 2019

TR
bpytttt
t

Boschini et al. AdvSRes 2024
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HelMod reproduces lons:
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Variations over the solar cycle (AMS-02)

Calculations
made in
standard model
for Bartel
rotation
overaged fluxes
— all show the
excess in 3He

Diff. Intensity x R27 [(m? s sr)~1(GV)17]
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Hypotheses of the origin of SHe excess

i. Accuracy of 3He production and fragmentation Xsections
ii. Primary 3He component with a harder injection spectrum

iii. A non-uniform propagation probed on different spatial scales by
light isotopes (3*He) and heavier species (e.g., the B/C ratio)
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v57 includes all p+A and
a+A reactions

“He is the main
progenitor

All Xsections are flat
above ~2 GeV/n

Agree below 7 GV

Excess — above 7 GV
(3He: >3.8 GeV/n,
“He: >2.7 GeV/n)

Thus, the energy-
independent (rigidity-
independent) Xsections
cannot be the reason of
the observed rigidity-
dependent 3He excess

. He cross sections e,

Cross section (mb)

(GALPROP v57)
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* Production near the CR

source implies similar ||, Harder spectrum or primary 3He

components in other
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— not Observed —=- Standard LIS with secondary 3He |

103 _ 0.18[ —— Modulated Ratio
) : ] $  AMS-02 (2011-2017)
3He enrichment: 0.16
* Some SEP events 102k | o
eXthIt resonant : - standard LIS with primary 3He m% 0.12

Modulated Spectra

3He AMS-02 (2011-2017)
3He PAMELA (2006-2007) 3 0.10
4He AMS-02 (2011-2017) ]
“He PAMELA (2006-2007)

enhancements of

3He/*He up to 10,000-
fold, which could even
make 3He dominant 0.25

10%E

Diff. Intensity x RZ7 [(m? s sr)"}(GV)17]

0.08

()
over Hin rare events § 090 8 s

[} 8 L -
(Reames 2021) R I . . 2

S 025F 3 . | = oof _

° ~ © ¢ 2
Even. after “50 yr of @ 0008 W¢¢¢¢”’M¢%MM“’W’*" Teeetehy 1 & -02F Good agreement 7]
studies, the 025 ﬁ 3Hed & .
mechanism is unclear N o 10°
Rigidity [GV] Rigidity [GV]

QUMY VVUI NIV |J/ IIIIIIIIIIIIIII



* Propagation is non-
uniform. Can be
tested with different

sec/prim ratios

» Secondary 3He
production (Z>2) with
standard propagation
parameters
(background)

* Then an MCMC scan
with arbitrary *He
abundance and all
/>2 abundances =0
(zn,=4 kpc fixed)

* The final 3He
spectrum is the sum
of two components
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Conclusion

* The excess in 2H is probably the first direct evidence that chemical
processes in the ISM, such as deuteration of organic molecules and
dust grain surfaces, and ion sputtering may contribute to CR injection,
and alter the CR source composition

* The excess in CR Boron, even though it is found at very low energies,
is probably the most spectacular finding. It testifies that there might
be primary Boron in CR sources and changes the way how we should
derive the propagation parameters

* Beryllium seems to be truly secondary, and thus we should rely on
the Be/O ratio rather than on the B/C or B/O ratio (Oxygen is truly
primary)

* 3He data can probe resonant acceleration OR the average diffusion
coefficient over the large Galactic volume (larger than the B/C ratio)

SUGAR Workshop/I.Moskalenko 33



