lceCube: the discovery of cosmic neutrinos
francis halzen

neutrino astronomy and the origin of
cosmic rays

* |ceCube

 the discovery of cosmic neutrinos

* |ceCube neutrinos and Fermi photons
« where do they come from?

 the first cosmic ray accelerator(s)

lceCube.wisc.edu



neutrinos COoSmic rays
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y + yCMB 9 e + 8.‘%
PeV photons interact W|th mlcrowave photons
(411/cm3) before reachlng our telescopes

enter: netitrinos



'Neutrinos? Perfect Messenger

electrically neutral o A TR
. essentially massless ' ok C o T
+ essentially unabsorbed 50
» tracks nuclear processes

 reveal the sources of cosmrc rays

.. but difficult to deteCt: h‘e_.v_v'large'a detector?



origin of cosmic rays: oldest problem in astronomy
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AGASA - ground array

Fly's Eye - air fluorescence
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cosmic ray accelerators

LHC accelerator should have circumference

~—of Mercury orbit to reach 102 eV! -
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supernova
remnants

Chandra 1
Cassiopeia A

ray
bursts



active galaxy

particle flows near
supermassive
black hole






accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

o target radiation

p+vy-—=2>n

directional ~ COSMIC ray + neutrino
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magnetic 9 p

fields ~ COSmIC ray + gamma
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cosmic rays interact with the
microwave background

p+y—on+rxand p+r’

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy appear

1 event per|cubic kilometer|per year
...but it points at its source!
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Atmospheric neutrino source
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IceCube: the discovery of cosmic neutrinos
francis halzen

 |ceCube

lceCube.wisc.edu



B. Pontecorvo

M. Markov &
1960



charged secondary
particles produced
as the neutrino
% Interacts with a nucleus

, Charged Current
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« speed of light in water < c
 muon range from 50 m
to 50 km

Interaction
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,sta-riding on the shoulder of giants

11987: DUMAND test string




Lake Baikal experiment observes atmospheric neutrinos




ANTARES
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instrument 1 cubic kilometer of natural ice below 1.45 km




the IceCube Neutrino Observatory
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IceCube Array

86 strings including
8 DeepCore strings
5160 optical sensors

k 1450 m
u DeepCore
8 strings-spacing optimized
g for lower energies
480 optical sensors
5160 DOMs
instrumenting 1 km?3 S
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photomultiplier
tube -10 inch




LED
flasher
board

main
board

HV board




... each Digital Optical Module independently collects
light signals like this, digitizes them,
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...lime stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
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muon track: color is time; number of photons is energy



Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric
neutrino

atmospheric
muon







... you looked at 10msec of data !

muons detected per year:

« atmospheric* ~ 10"
« atmospheric** v 2> pu ~10°
* COSMIC vV2Uu ~ 120

* 3000 per second ** 1 every 6 minutes



IceCube: the discovery of cosmic neutrinos
francis halzen

* the discovery of cosmic neutrinos

lceCube.wisc.edu



neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)
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Assuming best-fit power law:
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iIce: step by step
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neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



GZK neutrino search: two neutrinos with > 1,000 TeV

date: August 9, 2011
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electron showers versus muon tracks

£ £
PeV v, and v,
showers: - Py
10 m long Qﬁn’
« volume ~5m3 M-
« isotropic after A N

25~50 m
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> 300 sensors

> 100,000 pe reconstructed to 2 nsec



e
e
s .-
- ==
=~ o
~— ,// ‘//
.. ~ . ~—
. — .-
waee e S
e ~e—__ v
— ety .
o o e
=g . e
—~—— oy~ 8 S ..
< = ~e— I
fe e S .-
~— .-— e )
- ~—— - . b
~——_ ~— e e
= ~— .- S
=R e o, PR
. —— B .
— ~- ~. -
—— ~——. B
S —1 Ve
s ~— .
S S A

ion

t

irec

d

color = time

energy

SlZze



events starting inside the detector

v select events interacting
inside the detector only

v" no light in the veto region

v veto for atmospheric
neutrinos (which are
typically accompanied
by muons)

v energy measurement: to-
tal absorption calorimetry

Veto
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...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year
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neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



electron and tau neutrinos

1

Atmosplleric Fluxes

Astrophysical Flux

Prompt Upper Limit(v, +p,) [1.06x ERS]
Conventional (v, + Uy,) (zgnith-averaged) [1.00x Honda2006] Measurements ]
10-6 o Cascades Differential
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high-energy starting events — 7.5 yr
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* neutrino oscillations at PeV energy

ongoing upgrade: * nutau: test of the 3-neutrino scenario

* neutrino physics BSM
2022 deployment * |ceCube Gen2 pathfinder




cosmic neutrinos: four independent observations
- muon neutrinos through the Earth
—> starting neutrinos: all flavors
-> tau neutrinos
- Glashow resonance event

icecube.wisc.edu



tau neutrinos at Fermilab-- DONUT

DONUT: charmed mesons (no oscillation)

and emulsion

FL.=4535m
Bk = 93 mrad

p >2975 GeVie
pr >027°); GeVic

F.L.=280um

O = 90 mrad

p =467 GeVie
pr =0.415% GeVic

-,
""""

|
N 7 1
F.L.=1800 pm F.L.=530um
Oy = 130 mrad O = 13 mrad
p =19%5 GeVie p > 217, GeVie
pr = 0257 GeVic pr >0.28 312 GeVic
:‘I
Y 4 i e

DONUT Phys. Lett. B, Volume 504, Issue 3, 12 April 2001, Pages 218-224

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion

plate

14 15 35 36
No appearance rejected at >5¢
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OPERA Phys. Rev. Lett. 115, 121802 (2015)



tau decay length:
50m per PeV

tau production and decay
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a cosmic tau neutrino: livetime 17m

’ —— single cascade —— double cascade —+ -} exp. data H —— reco with bright DOMs --- reco without bright DOMs
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cosmic neutrinos: four independent observations
- muon neutrinos through the Earth
—> starting neutrinos: all flavors
— tau neutrinos
- Glashow resonance event

icecube.wisc.edu



partially contained event with energy of 6.3 PeV

HIGHEST-ENERGY NN
NEUTRINO CANDIDATE =

1
State-of-art reco: details in
the next talk by Tianlu Yuan
Median: 6.02 PeV
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the first Glashow resonance event:

anti-vg + atomic electron - real W at 6.3 PeV
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Hadronic Cascade
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 partially-contained PeV search
* deposited energy: 5.91£0.18 PeV
« visible energy is 93%

e - resonance: EV = 6.3 PeV

work on-going



* energy measurement understood
identification of anti-electron neutrinos

dN /dE [(40 TeV) '(4.6 year) ]
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IceCube: the discovery of cosmic neutrinos
francis halzen

* |ceCube neutrinos and Fermi photons

lceCube.wisc.edu
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IC
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structure in the map results from neutrino absorption by the Earth

IC



.......................

IceCube Preliminary |

B l
10! 102 103
Deposited Energy or Muon Energy Proxy [TeV]

» N New Starting Tracks @ /' Earlier Starting Tracks

o N* -
® N New Starting Cascades @ /V Earlier Starting Cascades N* Throughgoing Tracks



10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates
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limits and fluctuations(?)
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this is the case for larger detectors with better angular resolution!
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 we observe a diffuse flux of neutrinos from
extragalactic sources

* a subdominant Galactic component cannot be
excluded

« where are the PeV gamma rays that accompany
PeV neutrinos?
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IceCube: the discovery of cosmic neutrinos
francis halzen

* |ceCube neutrinos and Fermi photons

lceCube.wisc.edu



accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

o target radiation

p+vy-—=2>n

directional ~ COSMIC ray + neutrino
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magnetic 9 p

fields ~ COSmIC ray + gamma
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- multimessenger astronomy

p+y9'n+ﬂfr

~ COSMIcC ray + neutrino

>p+n’

~ COosSmic ray + gamma



gamma rays accompanylng IceCube neuﬂs mteract
W|th interstellar photons and fragment into multiple. Iower
- energy gamma rays. that reach earth
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« energy density of neutrinos in the non-thermal
Universe Is the same as that in gamma-rays
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hadronic y-ray emission normalized to best-fit neutrino flux
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energy in the Universe in gamma rays, neutrinos and cosmic rays




Fermi sources
~are mostly
blazars

common sources?

9
multimessenger
-astronomy
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Fermi sky: mostly bazars



(v) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS! ™. Richman

‘We send our high-enerqy events in real-time as public GCN alerts now!
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IceCube: the discovery of cosmic neutrinos
francis halzen

 where do they come from?

lceCube.wisc.edu



IceCube Trigger

43 seconds after trigger, GCN notice was sent
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IC-170922A  ABRUES

23.7+2.8 TeV muon energy loss in the detector, 15 arcmin error (50% containment)
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Follow-up detections of IC170922 based on public telegrams
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THE REDSHIFT OF THE BL LAC OBJECT TXS 0506+056.
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ABSTRACT

The bright BL Lac object TXS 05064056 is a most likely counterpart of the IceCube neutrino event
EHE 170922A. The lack of this redshift prevents a comprehensive understanding of the modeling of
the source. We present high signal-to-noise optical spectroscopy, in the range 4100-9000 A, obtained
at the 10.4m Gran Telescopio Canarias. The spectrum is characterized by a power law continuum
and is marked by faint interstellar features. In the regions unaffected by these features, we found
three very weak (EW ~ 0.1 A) emission lines that we identify with [O II] 3727 A, [O III] 5007 A,
and [NII] 6583 A, yielding the redshift z = 0.33650.0010.

Keywords: galaxies: BL Lacertae objects: individual (TXS 0506+056) — distances and
redshifts — gamma rays: galaxies —neutrinos

« we do not see our own Galaxy
« we do not see the nearest extragalactic

sources
« we find a blazar at 4 billion lightyears!



multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

 neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.43° Dec 5.72°

« Fermi-LAT: flaring blazar within 0.1° (7x steady flux)
« MAGIC: TeV source in follow-up observations

« follow-up by 12 more telescopes

« > IceCube archival data (without look-elsewhere effect)

« - Fermi-LAT archival data
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Why not seen before?
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this is the case for larger detectors with better angular resolution!



v and y beams : heaven and earth p+y=2>n+mn’

-> cosmic ray + neutrino

o target

neutrino source
needs an accelerator
and
a target

magnetic

fields source opacity?




we identified a source of high energy cosmic rays:

the active galaxy (blazar) TXS 0506+056 at a
redshift of 0.33

at ten times further distance, it outshines nearby
active galaxies: is it special?

extensive multiwavelength campaign will allow us
to study the first cosmic accelerator
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we know that this one is a cosmic ray source
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three points regarding the TXS 0506+056 neutrino source:

If every blazar produced neutrinos at the level of TXS 0506+056,
the sources would overproduce the total flux observed by IceCube
by a factor of 20.

TXS 0506+056 must indeed belong to a special subclass of
sources, as already suggested by the large redshift.

A source that produces 13 neutrinos in 110 days has a target
density for producing neutrinos that is large and therefore opaque
to high-energy gamma rays. It takes a massive accretion event
onto the black hole to accommodate the 2014-15 observation.
The 2014-15 burst cannot be, and is not, accompanied by a Fermi
flare.



relation between flaring sources and the diffuse flux ?

diffuse v, flux  TXS luminosity

C At
L, pF—
— & Ly pF B

—l’T HO

density of blazars

IN,

E EQCIE ~T74%x 1072 TeVem 25 1sr—1 %
a

(8

F c/Hy & L,
(i) (36e) (67) (2107
P At 10yr
(1.5 x 10~8 Mpc_3> (110(1) ( T )




a target that produces > 12 neutrinos in 110 days is opaque to gamma rays
that lose energy ir1 the source even before entering the EBL

accompanying photons
below Fermi threshold

the gamma rays that
accompany the neutrinos
lose energy in the source

proton beam normalized
to the energy density
in cosmic rays

% ~ (1 —2) x 10** erg Mpc 2 yr~!
Tpy 2, 0.4
opacity of the gamma
ray target




vanilla blazars cannot accommodate the 2014 burst

* need a major accretion on the black hole to create a target that
can produce the 2014-15 neutrino burst

« a target that produces 13 neutrinos in 110 days is opaque
gamma rays that lose energy in the source even before
reaching the EBL

« there can be no gamma ray flare

« coincident gamma ray flux can be accommodated for Toy ~ 04




TXS 0506+056 |S a Astronomy & Astrophysics manuscript no. output ©ESO 201
galaxy merger

July 31, 2019

“We thus observe
the interaction
between jet
features that cross
each other’s paths.”

A Cosmic Collider: IceCube neutrino generated in a precessing
jet-jet interaction in TXS 0506+056?
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theory confirms
observation
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ABSTRACT

Context. The neutrino event IceCube-170922A appears to originate from the BL Lac object TXS 0506+056. To understand the
neutrino creation process and localize the emission site, we studied the radio images of the jet at 15 GHz.

Aims. Other BL,Lac objects show similar properties as TXS 0506+056, such as multi-wavelength variability or a curved jet. However,
so far, only TXS 0506+056 has been identified as neutrino emitter. This paper aims to figure out, what makes the pc-scale jet of
TXS 05064056 specific in this respect.

Methods. We re-analyzed and re-modeled 16 VLBA 15 GHz observations between 2009 and 2018. We thoroughly examined the jet
kinematics and flux-density evolution of individual jet components during the time of enhanced neutrino activity between Sept,2014
and March 2015, and in particular before and after the neutrino event.

Results. Our results suggest that the jet is very strongly curved and most likely observable under a special viewing angle of close to
zero. We thus may observe the interaction between jet features which cross each others’ paths. We find subsequent flux-density flaring
of six components passing the likely collision site. In addition, we find strong indication for precession of the inner jet and model a
precession period of about 10 yrs by the Lense-Thirring effect. We discuss an alternative scenario that is the interpretation of observing
the signature of rwo jets within TXS 0506+056, again hinting towards a collision of jetted material. We essentially suggest that the
neutrino emission may result from the interaction of jetted material in combination with a special viewing angle and jet precession.
Conclusions. We propose that the enhanced neutrino activity during the neutrino flare in 2014 - 2015 and the single EHE neutrino
IceCube-170922A could be generated by a cosmic collision within TXS 0506+056. Our findings seem capable of explaining the
neutrino generation at the time of a low gamma-ray flux and also indicate that TXS 0506+056 might be an atypical blazar. It seems to
be the first time that (i) a potential collision of two jets on pc-scales is reported and that (ii) the detection of a cosmic neutrino might
be traced back to a cosmic jet-collision.
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Neutrino candidate source FSRQ PKS 1502+106 at
highest flux density at 15 GHz

ATel #12996; S. Kiehlmann (IoA FORTH, OVRO), T. Hovatta (FINCA), M. Kadler
(Univ. WA%rzburg), W. Max-Moerbeck (Univ. de Chile), A. C.S. Readhead (OVRO)
on7 Aug 2019; 12:31 UT
Credential Certification: Sebastian Kiehlmann (skiehlmann@mail.de)

Subjects: Radio, Neutrinos, AGN, Blazar, Quasar

On 2019/07/30.86853 UT IceCube detected a high-energy astrophysical neutrino candidate (Atel
#12967). The FSRQ PKS 1502+106 is located within the 50% uncertainty region of the event. We
report that the flux density at 15 GHz measured with the OVRO 40m Telescope shows a long-
term outburst that started in 2014, which is currently reaching an all-time high of about 4 Jy, since
the beginning of the OVRO measurements in 2008. A similar 15 GHz long-term outburst was
seen in TXS 0506+056 during the neutrino event IceCube-170922A.

Related

12996 Neutrino candidate source
FSRQ PKS 1502+106 at
highest flux density at 15
GHz

12985 IceCube-190730A: Swift XRT
and UVOT Follow-up and
prompt BAT Observations

12983 Optical fluxes of candidate
neutrino blazar PKS
1502+106

12981 ASKAP observations of
blazars possibly associated
with neutrino events
IC190730A and IC190704A

12974 Optical follow-up of IceCube-
190730A with ZTF

12971 IceCube-190730A: MASTER
alert observations and
analysis

12967 IceCube-190730A an
astrophysical neutrino
candidate in spatial
coincidence with FSRQ PKS
1502+106

12926 VLA observations reveal
increasing brightness of
1WHSP J104516.2+275133, a
potential source of
IC190704A
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Molecular line emission in NGC 1068 imaged with ALMA*

I. An AGN-driven outflow in the dense molecular gas
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ABSTRACT

Aims. We investigate the fueling and the feedback of star formation and nuclear activity in NGC 1068, a nearby (D = 14 Mpc)
Seyfert 2 barred galaxy, by analyzing the distribution and kinematics of the molecular gas in the disk. We aim to understand if and

.
I I l e rg e r (W I th a how gas accretion can self-regulate.
Methods. We have used the Atacama Large Millimeter Array (ALMA) to map the emission of a set of dense molecular gas (n(H;) =
t f . . 105-6 cm?) tracers (CO(3-2), CO(6-5). HCN(4-3), HCO* (4-3), and CS(7-6)) and their underlying continuum emission in the central
or satellite galaxy)

r ~ 2kpc of NGC 1068 with spatial resolutions ~0.3”—0.5" (~20-35 pc for the assumed distance of D = 14 Mpc).
Results. The sensitivity and spatial resolution of ALMA give an unprecedented detailed view of the distribution and kinematics of the
dense molecular gas (n(H,) > 10°-°cm™) in NGC 1068. Molecular line and dust continuum emissions are detected from a r ~ 200 pc
off-centered circumnuclear disk (CND), from the 2.6 kpc-diameter bar region, and from the r ~ 1.3 kpc starburst (SB) ring. Most of
the emission in HCO*, HCN, and CS stems from the CND. Molecular line ratios show dramatic order-of-magnitude changes inside
the CND that are correlated with the UV/X-ray illumination by the active galactic nucleus (AGN), betraying ongoing feedback. We
used the dust continuum fluxes measured by ALMA together with NIR/MIR data to constrain the properties of the putative torus using
CLUMPY models and found a torus radius of 20*$ pc. The Fourier decomposition of the gas velocity field indicates that rotation is
perturbed by an inward radial flow in the SB ring and the bar region. However, the gas kinematics from r ~ 50 pc out to r ~ 400 pc
reveal a massive (Mpyq ~ 2A7jﬁ':gx 107 M,,) outflow in all molecular tracers. The tight correlation between the ionized gas outflow, the
radio jet, and the occurrence of outward motions in the disk suggests that the outflow is AGN driven.
n e a rb ' Conclusions. The molecular outflow is likely launched when the ionization cone of the narrow line region sweeps the nuclear disk.
y H The outflow rate estimated in the CND, dM/dr ~ 63*2 M, yr~', is an order of magnitude higher than the star formation rate at these
radii, confirming that the outflow is AGN driven. The power of the AGN is able to account for the estimated momentum and kinetic
luminosity of the outflow. The CND mass load rate of the CND outflow implies a very short gas depletion timescale of <1 Myr. The
CND gas reservoir is likely replenished on longer timescales by efficient gas inflow from the outer disk.




a neutrino source requires a proton accelerator
and
a target of photons/protons (hydrogen)

TXS 0506+056 active galaxy ongoing - VLBA image
blazar merger of - neutrino at
IC170922 galaxies peak of 5-year
radio outburst
PKS 1502+106 active galaxy ongoing - neutrino at
blazar merger of  peak of 5-year
IC190730 galaxies? radio outburst
NGC 1068  active galaxy merger with ALMA
starburst - starforming
region or

satellite gal.



neutron star-neutron star merger




Rosswog and Ramirez-Ruiz



”' ™ high-energy neutrinos:
& -# ¢ from collimation (TeV) and
internal shocks (PeV):

protons photoproduce neutrinos

« on photons from leakage of
the collimated jet

« on synchrotron photons from
electrons (internal shock)
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high energy neutrino coincidences with gravity waves

« optimistic calculations: with lceCube, unfortunately
we still had only one event; the jet did not point in
our direction (sub-threshold short GRB)

« pessimistic calculations: it will take next-generation
detectors: lceCube Gen2, KM3NeT, GVD-Baikal,...



neutrino astronomy 2019

It exists

more neutrinos

more telescopes

icecube.wisc.edu



The lceCube-PINGU Collaboration

Deutsches Elektronen-Synchrotron (Germany)
Friedrich-Alexander-Universitit

holms univegiget (Sweden): .
gt et Erlanangurnberg (Germany)

itdt zu B¢r.|m.(Germany)
r Institutet {

nmark)

Queen Ma University of -

o ‘ ndon (UK) ﬁ
Clark Atlanta University 10,0t Oxf rd-g(u i

Drexel University (USA) "ers'tY sf
Georgia Institute of Tech
Lawrence Berkeley Nationa
ichigan State University (U SA
tate University (ySA)
) nia Statgglgg‘\lg ity (| g
South Dakota School of Mines & Techno C 4 - 2
Southern University and A&M College (USA iver . ; ”‘ Chiba University (Japan)
Stony Brook University (USA) . \ ¢ University of Tokyo (Japan)

University of Alabama (USA) ’“\J‘ %

University of Alaska Anchorage (USA)
University of California, Berkeley (USA)
University of California, Irvine (USA)

University of Delaware (USA)

University of Kansas (USA) L

University of Maryland (USA) o L UnlverS|ty
University of Wisconsin—-Madison (USA) (New Ze!land)

‘-"

g UnlverS|ty of Wisconsin—River Falls (U b
P 25
__ YaleUniversity (USAPT e’ & =

e -

-~’

Fonds de la Recherche Scientifique (FRS-FNRS) Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat
Fonds Wetenschappelijk Onderzoek-Vlaanderen Inoue Foundation for Science, Japan The Swedish Research Council (VR)

(FWO-Vlaanderen) Knut and Alice Wallenberg Foundation University of Wisconsin Alumni Research
Federal Ministry of Education & Research (BMBF) NSF-Office of Polar Programs Foundation (WARF)
German Research Foundation (DFG) NSF-Physics Division US National Science Foundation (NSF)



THE ICECUBE COLLABORATION
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are blazars the sources of the cosmic neutrinos?

a special class of blazars that undergo 110-day duration flares
like TXS 0506+056 once every 10 years accommodates the
observed diffuse flux of high-energy cosmic neutrinos

» selected by redshift evolution ?
« galaxy mergers (VLA observations during 2014 burst) ?

of the highest energy cosmic rays?

measured flux satisfies the energy requirement

arxXiv:1812.05654 - arXiv:1811.07439 - arXiv:1811.06356 - arXiv:1807.07942



http://arxiv.org/abs/arXiv:1812.05654

the multimessenger picture

multimessenger _
relation ~ gamma ray flux cascades to EBL absorption observed flux
—

neutrino flux : .
lower energy in the source @ Fermi

—
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Kimura et al.

TABLE II. Detection probability of neutrinos by IceCube and

IceCube-Gen?2 ‘
Number of detected neutrinos fron‘single event at 40 Mpc
model IceCube-North IceCube-South Gen2-North
A 6.6 0.55 29
B 0.36 0.023 1.5

Number of detected neutrinos from single event at 300 Mpc

model IceCube-North [ceCube-South Gen2-North
A 0.12 9.7%x1073 0.52
B 6.2x1073 4.2x104 0.027

GW-+neutrino detection rate [yr—!]

model [ceCube Gen?2
A 1.1 2.6
B 0.076 0.28




