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About me...
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and now...

CRAYFIS

cosmic rays found in smartphones

Disclaimer — this is my first foray into
the world of cosmic ray physics!

Observing Ultra-High Energy Cosmic Rays with Smartphones

Daniel Whiteson,! Michael Mulhearn,? Chase Shimmin,! Kyle Brodie,! and Dustin Burns?

! Department of Physics and Astronomy, University of California, Irvine, CA 92697
“Department of Physics, University of California, Davis, CA
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So then,

Why Comic Rays?



At LHC, | study 5%
Dark Matter
because...

THE UNIVERSE
(AS WE KNow 1)
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CR’s are Mysterious
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CR’s are Mysterious
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Proton Energy [eV]
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Proton Energy [eV]
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Virgo Supercluster
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Extensive Air Showers



Air Showers
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Air Shower

Y%,

Showers develop e
longitudinally...



Showers develop:

longitudinally...

... and laterally



Alr Showers
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Detecting Cosmic
Rays



Detection lechnigues

Ways to detect air showers:

= Atmospheric fluorescence




Detection lechniques

Ways to detect air showers:
= Atmospheric fluorescence

= Cherenkov telescopes




Detection lechniques

Ways to detect air showers:

= Atmospheric fluorescence

Geomagnetic effect

= Cherenkov telescopes

= Radio frequency

Askaryan effect




Detection lechniques

Ways to detect air showers:
= Atmospheric fluorescence

= Cherenkov telescopes

= Radio frequency




~ Pierre Auger Observatory
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Plerre Auger Observatory
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Pierre Auger Observatory
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Rare events
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How can we cover

more ground?






Smartphones!



Smartphones are:

\Q\*\

" Particle Detectors

Camera Sensor

F
/

(Active area: ~0.3 cm?)




We are not the first to realize this!

CellRad (ldaho Nat'l Lab)

SafeCast (Non-profit)

DECO (Wisconsin)

“Chernobyl 2013:
radioactive ant bites”
(YouTube video)

DAL Bl@& QO 1:23AM

CellPhone f,Railiation Prediction

Operators Name: Reseption Power:

il
ICellcom r -109 dBm b

Predicted R:diation k,evel during conversation:

|

Useful Information:

Recent studies have found a strong
connection between cellular radiation L
jexposure levels and the development of

{brain cancer.

1. During conversation our Cellphone
contlnuously emits electro-magnetic L
Jradiation. Long term exposure to high levels



Smartphones are:

s




But:

t's not enough to simply
observe particles...



Our goal: nefwork a large number of smartphones
into a worldwide observatory!

CRAYFIS

cosmic rays found in smartphones




CRAYEIS

cosmic rays found in smartphones
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The App (androio

P cRAYFISbeta  seer £ 7 P crAYFISbeta  seer £ 2

CRAYFIS

This shows cosmic ray candidates hitting
your phone in real time.

Prefer a black screen? You can disable live
splashes in Settings.

S [ =




The App: Internals

\&° Phone
\\\‘ 320x240p video - sparse array ul-|:)-:-c->r:d
\\ =AU plxel o plxels serlallze to
. < above protobuf
E thresho|d‘) “the cloud”
: CMOS sensor
L1 trigger L2 processor

Scan video for bright pixels.
Upload any hits to our server.



Trigger Calibration

Number of hits
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Set trigger threshold to maintain
average event rate of ~0.1Hz



Photon Sensitivity
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Rates [s]

10

102

103

104

10°

10°®

107

Photon Sensitivity

Samsung Galaxy S3
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activity, energy:

Ra226: ~180-600 keV
Csl37: 700 keV
1.1/1.3 MeV



What do Photons Look Like?

Usually: a single pixel high above threshold

Pixels from one event

Fraction of Events
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What do Photons Look Like?

Sometimes we get interesting tracks:

Pixels from one event Pixels from one event
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Muon Sensitivity

So far, no muon sources available...
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Muon Sensitivity

Get them for free from the sky!

1 muon/cm2/min = 1 muon every 4 mins
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Muon Sensitivity

Get them for free from the sky!
1 muon/cm2/min = 1 muon every 4 mins
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Muon Sensitivity




Timing
For measuring coincident hits

LED

O
Timing test

Random blinking LED
Measure capture time
on two phones.

Phone 1 Computer  Phone 2



honel vs phone2 i i i
40 pv: : : p : 0.8 time shufg VS, tumve
35 0.6
C g
O 0}
© mum 04
o ' e
O 25 | pg
- - 0.2
e N
- 20
()
o 0.0
@RS ; E
' —_0>
10
5 -0.4
0 -0.6

1.0 15 2.0 0 S00 1000 1500 2000 2500 3000 3500 4000
+1.409789e9

Tifne shiﬁ Time

20 -15 -10 -05 00



Putting i1t All Together



Shower Reconstruction




Shower Reconstruction
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Shower Reconstruction
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P(hit) per phone
o
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| Ikellhooao

During a shower event, the expected  active area

A
number of particle hits is: € — detection eff

p — LDF [particles/mZ]
n

X = Ae€- p(g;, y) +n — noise term
E = | | | | | | | | | —
O 10° __
~ 10 = =
T — -
8 - _
S e =
T — -
] [ —
o E =
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Distance from Shower Center [m]



| Ikellhooao

During a shower event, the expected

number of particle hits Is:

Probability of seeing nothing:
PO(xa y) — 6_)‘

Number of Particles /20 m
a a2 a3 a a

— active area
detection eff.
— LDF [particles/m?]

— noise term

| SO M
|

Distance from Shower Center [m]



| Ikellhooao

During a shower event, the expected
number of particle hits Is:

— active area
— detection eff.
— LDF [particles/m?]

— noise term

| SO M

P(EO, 9: ¢a 3)

000

Probability of seeing nothing:
P()(CU,'y) =6_)‘ Z

Number of Particles /20 m
a 3 3
°© ll[IIﬂTl |||||m] IIIIII'H] IIIIIITI] TTIT

Distance from Shower Center [m]

Likelihood function, given phones that
were / weren't hit:

L(Eo, 0,9, 5) = [ [ Po(wi 1) [ [(1 = Po(s, 7))

i :j
no hit hit




Per-shower efficiency

Shower Reco Efficiency

Sensitive only at the very highest energies

(those are the interesting ones!)
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Per-shower efficiency

Shower Reco Efficiency

Sensitive only at the very highest energies
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Fractional Energy Resolution

0.6

0.5

0.4

0.3

0.2

0.1

Energy Resolution

Higher energy — more hits = better measurement
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Fractional Energy Resolution
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Phi Resolution [Radians]
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Angular Resolution

Except in the most optimistic scenario,
almost no pointing information.
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Keeping up with Auger
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Millions of units

800k phones?!

= Over a billion smartphone users in the world
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Initial media response netted over 50k signups
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I'm still worth
something :)
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To Summarize

= Phones can see muons and gamma rays
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To Summarize

= Phones can see muons and gamma rays

= A giant network can search ot UHECR
showers

= Under the right conditions, can even
compete with the state-of-the-art!

= [here’s never been a
of this scale... who knows what else we
may find!




Going Beyond

IP[y]: Notebook craftExample (unsaved changes) BPubllah -
File Edit View Insert Cell Kernel Help (@
O ¥ @ BN 4 ¥ » B C Code 4 | Cell Toolbar: | None —

In [6]): #Now we can make a plot of the pixel frequency
ds.events.Draw("loglO(pix freq)")
canvas.SetLogy()
print ds.events.GetEntries()

canvas
293825
out[6]: log10(pix_freq)
htemp
Entries 4877
Mean  -2638
(AMS 09365
10" =
10
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il
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log1 O{pix_freq) 4

In (7): # now we can plot the pixel value (brightness) for all pixels and the ones that are do
ds.events.SetLineColor(1l)
ds.events.Draw('pix val') #all pixels
ds.events.SetLineColor(4)
ds.events.Draw( 'pix val', 'logl0(pix freq)<-4.5','same’') #the clean pixels

canvas
out[7]: pix_val

. htemp
- Entries 4877
- Mean 4.356
- RMS 1.229
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Going Beyond

Users own the data!

Total Exposure © Unique Devices Candidate Hits ©

C R % F I S 7 years, 201 days, 18 hours 662 11,428,600

cosmic rays found in smartphones

Network Map @ National Ranking

- W j r Rank Country Score ©
~‘. .\ ’ /ﬂ 1 USA 65,536,712
; AN 2 NLD 10,256,765
- ’i{‘.\” 3 GBR 9,611,524
W 4 BEL 6,163,009
‘ : 5 CHN 2,796,829
w -L, 6 FRA 2,631,734
7 AUS 2,371,036
8 ESP 2,108,252
‘ 9 IND 2,071,818
10 FIN 1,847,808
Top Users Top Devices
Rank Username Score © Rank  Codename @ Owner Score ©
1 Coleslaw 10,967,700 1 PEACE 4 SPACE hansmex 4,014,498
2 crayfis_ucd 9,129,341 2 Galaxy Proclaim Coleslaw 3,803,978



Going Beyond

Exposure Events
PEACE 4 SPACE
C S C Total 48 days, 8 hours 238,669 / 959,535
Current run 35 minutes 0/286
Pixel values © Counts of pixels per event @
§ §1e+3
c w
§1G+2 é
3 Rle+2
5 :
1e+1 2
1e41
- ‘l" ml\ 'I v N I
1e-1 { i I q'e 1e-1 I
0 20 40 60 80 100 120 140 160 180 200 220 240 0 5 10 15 20 25

*Event numbers are listed for clean / total,

Live plots from each device!



Going Beyond

Opening the data to the community:

@ . rewards the users _

PEACE 4 ¢ * broadens research applications e
. . - ,669 / 959,535
e provides exciting education
opportunities

286

\'Ii II“|~ || ‘ e-
0 20 40 60 €0 100 120 140 160 180 200 220 240 25
*Event numbers are listed for clean / total. \

Live plots from each device!




The End






Not sure where/if |l
use these:



G/ZK Limit

Cutoff Is observed, How rare are events
but is it GZK? above the cutoff?

Equivalent c.m. energy \(§m (GeV)
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Primary Composition

One of the most basic guestions to ask:

what are the UHECR’s made of?



Primary Composition

One of the most basic guestions to ask:

what are the UHECR’s made of?

probably protons or iron nuclel.
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