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Overview

p Motivation: search for time variability in flux of cosmic
rays above 100 GeV.

p In situ '4C in ice as a potential tracer of the high-energy
cosmic-ray flux.

® 14CO data from Taylor Glacier and Greenland Summit.
p Sensitivity to time variations in the cosmic-ray flux.

® |nvestigation of simulated data sets, assuming several
simple models of time-varying flux, at a location such
as Dome C.

p Conclusions and future work.
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Past Variations in Radionuclides

p E.g., measurements of 19Be and 4C: multiple episodes of past variability.

M. F Knudsen et al., GRL 36:2009, L16701.
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p Solar behavior affecting cosmic rays below 10 GeV!? If the “background”
of Galactic cosmic rays is constant, these variations can be used to study
changes to the heliosphere during the Holocene Epoch.
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Solar modulation @& (Mev)

Past Variations in Radionuclides

p E.g., measurements of 19Be and 4C: multiple episodes of past variability.

F. Miyake et al., Nature 486:2012, 240-242
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p Solar behavior affecting cosmic rays below 10 GeV!? If the “background”
of Galactic cosmic rays is constant, these variations can be used to study
changes to the heliosphere during the Holocene Epoch.

7127119 ICRC 2019 - Madison,WI 3



Solar modulation @& (Mev)

Past Variations in Radionuclides

p E.g., measurements of 19Be and 4C: multiple episodes of past variability.

F. Miyake et al., Nature 48—""—"—""°""° |
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p Solar behavior affecting cosmic rays below 10 GeV!? If the “background”
of Galactic cosmic rays is constant, these variations can be used to study
changes to the heliosphere during the Holocene Epoch.
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Is the Galactic CR Flux Constant!?

.. - R p CR flux may be constant to
Association . .
Y first order, though no a priori
A‘““"ai L o VelasNm ¢ reason it must be.

Possible perturbations:

Scorpius—Centaurus Shells==—% 05 local

Bubble

movement <

) 'S
direction of sun

. ® Supernovae and remnants.

R

Orion

y jfssodien ® Motion of solar system
| through local bubbles &
spiral arm of Milky Way.

Orion Shell

® Very long-term changes in
MWV star formation rate.

Credit: P, Frisch

p Local ISM & cosmic ray flux: see

paper by P. Frisch and H. Mueller, DiSCUSSi?n in K. Scherer et
Sp. Sci. Rev. (2010). al., Sp. Sci. Rev. (2006).
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Flux Constraints from Meteoroids

Credit: NASA

p Radionuclides constrain
cosmic-ray flux over ~106 yr.

p Data suggest constant CR
flux, to first order.

p Significant systematics:

® Effect of solar modulation.
p Meteoroids accumulate

radionuclides with varying
lifetimes, achieving ® Shielding effects of surface.
“saturation” for some.

® Meteoroid orbits.

p Constant CR flux uncertain
p Examples: 3H, 19Be, 4C, 22Na, at =30%: R.Wieler et al., Sp.
26Al, 36Cl, 3%Ar, 44Ti, »3Mn. Sci. Rev. (201 1).
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14C in lIce Cores as a Flux Probe

p Sources of 14C in ice cores:

Depth n, U
sureee . Trapped air (CO,, CO, CHa).
0.1m —
2. In situ cosmogenic production:
BoEm é A. Neutron (~| MeV) spallation:
8 O(1 m) depth.
-
éé B. Slow u- capture: O(20 m) depth.
60-110 m — C. Interactions with fast muons us
; g (>10 GeV); O(260 m) depth.
q% é p Key points: (1) in situ 4C leaks from
=® firn layer but is retained below; (2)

cosmogenic C dominates the CO

After . Schwander,“Gas Diffusion in Firn,” 1996. .
phase at most sites.
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In Situ '4CO Production: Taylor Glacier
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Measurements of 4C at Taylor Glacier

p Preliminary 4CO measurements:
M. Dyonisius et al., in preparation.

p 4C is dominated by muon
production at this site.

p Fit: adapted '°Be + 26Al production
model in rock from Balco et al,
Quat. Geo. 3 (2008) + glacier ice

flow model from Buizert et al., JGR
117 (2012).

p Constraints on “CO production
rates at the surface:

® Py, =0.46 + 0.03 mol./glyr
® Py, =0.071 £ 0.020 mol./g/yr
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In Situ '4CQO: Greenland Summit

p Constraints on cosmogenic 4C in the firn layer.

Q
&
o
.-f)

Summit
GISP 2. 72.6N, 38
(elev. 3207m)
€]

Credit:WDC far P i - e ? Credit: Jon Edwards Credit: Xavier Fain
s ovman . |
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In Situ Cosmogenic 4CO in Firn

o
|

Model Settings:

.14 .
In situ CO retention in ice
grains: 3%

N
I

"“co leakage from ice grains:
1% per year

—
N
|

o
|

"co in Firn Air (x10"° ppm)

o
(0 0]
|

o

—— Firn Model with in situ

cosmogenic 14CO
® Firn Air 14CO
A Firn Matrix ' 'CO

p Preliminary “CO
measurements: B. Hmiel et
al, in preparation.

p In firn, only ~3% of 14CO
produced is retained in the

-5 Ice matrix.

The retained “CO leaks out
of the ice grains at ~1% yr-l.

) 4

In situ cosmogenic 4C below

A 4

6 / sajnosjow
‘sa|qgng JIy + Sulels udiq ul 0J,

the firn layer is almost

7127119

entirely from fast muons.
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Cosmogenic 4C at Dome C

p Stable & low
accumulation
rate: 3 cm ice
equivalent yr-!.

Good CR
exposure at
shallow depths:
expect large 4C
signal.

Shallow dry-
drilled ice cores
provide access to
~7 kyr of data.

7127119

BEYOND EPICA - OLDEST ICE

Beyond EPICA is a new project

aiming to drill the oldest ice core

and provide past climate spanning
1.5 million years.

Dome F

Little Dome C:
Site survey Nov/Dec 2016

Dome C:
Current oldest ice core site

74 ' ) o]
Ay \ .' V\; : L
\‘ . _"’. .:\ ‘t‘l
SRS British
e Antarctic Survey
www.bas.ac.uk NATURAL ENVIRONMENT RESEARCH COUNCIL
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Simulated History of 4CO

p Dashed line: 14CO profile at depth at Dome C assuming
constant production rates (values from best fits to TG data).

35
- 301 B s T
(@) = S S ——e "\‘_“:::: R ____—_'_'_‘_-‘:‘_—‘: _______
m 25' ________________________________________
g e ' === e ' R
3 20+ 7 R e 77 =
g ———————————
O
15 1
S
O
@) 101 . = = baseline: Py, ,- =0.45, Py, =0.072
< = = Dbaseline: Py, ;- =0.45, Py, ;,,=0.072 g i
— const. Po. . €[0.02,0.12] atom g~ yr-! const. Py, €[0.02,0.12] atom g~ yr
51 — 50% Iine;:rf decreas'e over 7 kyr — 50% step decrease at 3.5 kyr
—_ 25°/: linear decrease over 7 kgr — 25% step decrease at 3.5 kyr
—— 25% linear increase over 7 kyr —— 25% step increase at 3.5 kyr
0 50% linear increase over 7 kyr | 50% step increase at 3.5 kyr
75 100 125 150 175 200 225 250 275 75 100 125 150 175 200 225 250 275
ice equivalent depth [m] ice equivalent depth [m]

p Colored contours: 4CO profiles from linear change in
production rates (left) or abrupt change @ 3.5 kyr (right).
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Dome C Sensitivity: Shape Analysis

p Left: simulated '*CO profile with linear increase in rate Po .

30 .
. 1.4 B Bo:: M; = linear
25 ,. _ + _ + + + + Bl Bg: M7 = step
‘_I' + ",———F-—-;——t___ * — 1.2 B Bgi: M = 200 yr spike
(@) /,e” = 8 Bo1: M1 = 1 kyr spike
n 20 RS ,.+.,( = N 1.0
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/ .
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i) 15 / Pl D AT T T T T ——— O
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O - o 0.41
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‘/ —=—- baseline: Py ,- =0.45, Py, ,,=0.072 0.2+
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better agreement with null (constant-rate) hypothesis

p Right: distribution of Bayes Factor Bo| in >106 simulated datasets
with constant Po, for 4 time-varying alternative models.
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Projected Sensitivity at Dome C

p Calculate prob. that a constant Po, produces Boi « | by chance.

p Sensitivity: when p = 10-3 (or =3%10-7) at least 50% of the time.

Difference from
Baseline Model

| iInear increase
over 7 kyr

Abrupt step-like
Increase at 3.5 kyr

Impulsive increase:

200 yr @ 3.5 kyr

Impulsive increase:

1 kyr @ 3.5 kyr

Sensitivity at 3¢
(>50% of trials)

14%

9%

90%

17%

Sensitivity at 50
(>50% of trials)

21%

15%

152%

30%
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Summary

p 4CO locked into ice sheets could be a sensitive new probe of the
historical cosmic-ray flux at energies > 100 GeV, beyond the range of
solar modulation effects.

® New test of variability in the flux of Galactic cosmic rays over
timescales of ~10% yr.

® First look at the high-energy part of the spectrum. Can separate
out the effects of solar modulation on ice core 9Be and
atmospheric 14C.

® Conservative estimates of sensitivity to changes in historical flux
are well below 30% uncertainties in flux.

p Dome C would be an excellent site to measure cosmogenic 4C
sensitive to high-energy cosmic rays. Exploring campaign during
2022/2023 drilling season.
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Anisotropy of TeV CRs

p Evidence the local IMF and/or local over-density of CR accelerators
creates a statistically significant cosmic ray anisotropy at |0 TeV.

. .
--------------------

-———h——-——-

. ——

.-u---u-;----a.:.-ln-l. nnnnnnnnnnnn

Equatorial

-1.5 Relative Intensity [10] 1.5
HAWC Collaboration, IceCube Collaboration: Ap| 871:96,2019
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14CO as a Signature of In Situ Production

p Why is 14C in the CO phase in ice known to be made in situ?

® Atmospheric 4C produced by thermal neutrons quickly
reacts with oxygen and forms CO.

® The CO in the atmosphere quickly forms COa.

® “COQO is produced exclusively within the ice,and is used to
date trapped atmospheric CO..

p References:

® |al et al., Nature 346:350, 1990.
® |al & Jull, GRL 17:1303, 1990.
® van Roijen et al.,, Radiocarbon 37:165, 1995.
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Flow Line Model at Taylor Glacier

1400 | | I | | | | I | ]

1200 C. Buizert et al., JGR 117:F02029,2012 : -
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Figure 6. Modeled ice parcel trajectories along the center flow line. Model time step of 1 yr; parcels are
traced 20 ka back in time. The dashed line indicates the 10 atoms g~' equilibrium depth.
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Predicted '4CO in Dome C Firn Grains

104 p High surface production + long
exposure.

8 - (\ p Almost all “CO leaks out of
deeper firn.

6- p 4CO in deep ice is due to

muons > 10 GeV, which arise
from >100 GeV cosmic rays.

CO, molecules / g ice

14

p Sensitive to high-energy
Galactic CR flux; insensitive to
solar modulation.

od T 7 p New sensitive test of high-

0 20 40 60 80 100 energy flux with radionuclides!
epth, m
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14C Production Model at Dome C

p 4CO depth-production rates used in simulations are
based on the total muon production model from Balco et
al., 2008 + glacier ice flow model of Buizert et al., 2012.

p For ease of computation, Balco’s muon production model
is fit using a 3-term exponential series. l.e,,

/“‘(f)(z) - PO '“(f) Z ]'“((f)) “AP <_’0 ice " 5 Ny ”(f))

surface rate

p The primary free parameters in the simulation are the
muon production rates at the surface.

® Ve use Taylor Glacier data as “baseline” values.
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Sensitivity to Flux Variations at Dome C

p Compute Bayes Factor, sensitive to profile shape, between the
“null” hypothesis assuming constant production rates and several
alternative models assuming time-varying production rates.

p Calibrate using 3.5%|0¢ constant-rate simulated data sets:
® Assume ~20 m depth resolution of ice cores.

® Assume conservative 3% relative uncertainties on measurements
of 14CO concentration vs. depth.

® Use “baseline” Taylor Glacier rates in null hypothesis to produce
the most conservative Bayes Factor for each trial.

p Generate O(10%) data sets with time-varying models. Sensitivity:
rate of change in production rate at which >50% of simulated sets
can be discriminated from “null” hypothesis at 30 and 50 levels.
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Method: Bayes Factor (1)

P We use the Bayes Factor to estimate the posterior odds that
a measured “CO profile is sensitive to a constant flux model

Mo or a time-varying flux model ..

Pr(.,]"*CO)  Pr(**CO

M) Pr(My)

Pr(.#,]"*CO)  Pr(*4CO

M) Pr(Ay)

p By allowing us to marginalize the unknown constant
production rates or time variations in the production rates,
Boi gives us sensitivity to the shape of the 1“CO profile.

p We can interpret Boi in terms of Bayesian posterior odds
(Kass & Raftery 1995) or convert it to a frequentist test

statistic using simulated data sets.

7127119 ICRC 2019 - Madison,WI
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Method: Bayes Factor (2)

p Assuming there is no reason to favor one model over another a
priori, Boi reduces to a likelihood ratio:

B Pr(*CO

M )

B~ =
oL pr(14CO

M 1)

p If the parameters of the models are described by the vectors 6o
and 8| — e.g.,, 14CO production rates — we can marginalize them
using their a priori distributions for each model. E.g.,

B(n —

'd0, Pr(*CO| 0, M) Pr(0,| M)

[d6, Pr(1CO| 0\, 4y) Pr(0,| M)

p Priors on 8¢ and 6 can be informed by external measurements.
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Method: Bayes Factor (3)

p To be as conservative as possible, parameters such as the muon
14CO production rates are marginalized using uninformative
uniform priors. For example:

1 1

max __ Pmin —

Pr(PO,qul ﬂo) —

p We parameterize the likelihood using 3% Gaussian measurement
uncertainties for the “CQO. E.g., for model .,

| |
MAPy - APy,

2
N 1 1 [ 14COJ - C(Z] | PO’/"_’ PO,//‘f) J
I I exp — 5

27:0]- O;

Pr(!*CO| 4 ) = JdPO,M_J

J=1
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Interpretation of the Bayes Factor

P We calibrate Bo| with simulated data sets to convert it
to a frequentist test statistic.

p Conventional Bayesian interpretation — see R. Kass &
A. Raftery, |. Am. Stat. Assoc. 90:1995, 773-795:

log10(Bo1) Bo1 Strength of evidence favoring b
0-0.5 1-3.2 Low/insubstantial
0.5-1 3.2-10 Substantial
1-2 10 - 100 Strong
>2 >100 Decisive

7127119 ICRC 2019 - Madison,WI 26



