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Objective: Universe at high energies 
Acceleration, propagation of high energy particles,
Extreme conditions may require new physics ...

1. Acceleration in atmospheric electric field 
Energy ~1 GeV     Scale ~105-106 cm

2. Solar storms, Coronal Mass Ejections
    Energy ~10 GeV Scale ~1011-1013 cm

3. Galactic Cosmic Rays at  “ Knee ”
    Energy ~106 GeV Scale ~1021-1023 cm

4. Diffuse multi-TeV γ-raysrays
    Energy ~1011 GeV  Scale ~1024-rays1026 cm
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GRAPES-3 muon

Transient weakening of Earth’s magnetic shield probed by a cosmic ray burst
Physical Review Letters 117 (2016) 171101, P.K. Mohanty et al.  

  22 June 2015

On 22 June 2015 a massive 
solar storm occurred 

(Coronal Ejection)

Mass=1010 tonne
Energy=1033 erg

Solar power= 4x1033 erg/s

Initial Speed= 1400 km/s
Speed at L1=700 km/s



  

Muon
-raysB

z

54 σ

 94% correlation

106 excess on a background of 3x108 muons  

22 June 2015 Ooty, midnight
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>5σ   42

4-rays5σ   37

3-rays4σ   40

<3σ   25



  

Magnetic Reconnection

Magnetic reconnection results opening of earth’s magnetic field lines 
allowing solar plasma to flow into earth’s atmosphere triggering 
geomagnetic storms 
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0.7 GV 0.7 GV 0.6 GV

0.5 GV 0.6 GV 0.6 GV

0.5 GV 0.5 GV 0.7 GV

Reproduction of the burst 
   Data
Simulation

      Results

91% correlation 

Cutoff rigidity became 
lower by 0.5 – 0.7 GV

Geomagnetic field 
weakened by 680nT
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http://www.sciencemag.org/news/2016/07/here-rayss-rayshow-raysworld-rayscould-raysend-raysand-rayswhat-rayswe-rayscan-raysdo-raysabout-raysit
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What would happen if another 
carrington-like event of 1857 
September 1-2 occur today?

Earth missed one on July 2012 
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whitehouse.gov/the-rayspress-raysoffice/2016/10/13
/executive-raysorder-rayscoordinating-raysefforts-raysprepare-raysnati

on-raysspace-raysweather-raysevents

EXECUTIVE ORDER        13-raysOctober-rays2016
-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays-rays

COORDINATING EFFORTS TO PREPARE THE NATION FOR SPACE WEATHER EVENTS
By the authority vested in me as President by the Constitution and the laws of the United 
States of America, and to prepare the Nation for space weather events, it is hereby ordered as 
follows:

Section 1. Policy. Space weather events, in the form of solar flares, solar energetic particles, 
and geomagnetic disturbances, occur regularly, some with measurable effects on critical 
infrastructure systems and technologies, such as the Global Positioning System (GPS), satellite 
operations and communication, aviation, and the electrical power grid. Extreme space 
weather events -rays-rays those that could significantly degrade critical infrastructure -rays-rays could disable 
large portions of the electrical power grid, resulting in cascading failures that would affect key 
services such as water supply, healthcare, and transportation. Space weather has the 
potential to simultaneously affect and disrupt health and safety across entire continents. 
Successfully preparing for space weather events is an all-raysof-raysnation endeavor that requires 
partnerships across governments, emergency managers, academia, the media, the insurance 
industry, non-raysprofits, and the private sector.
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Science

World coverage: 1096 reports in 119 countries in 37 languages
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Muon 
Burst

22 June2015 event:  Time delay (28 min)  
L1 point

1.5 million km (36 min) 

 Plasma velocity = 700 km/s 
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   (1) NAS, USA reports that a super storm (July 2012 missed Earth) 
can disrupt satellites in space, communication systems and 
electronic devices on ground, short-rayscircuit transformers, may 
cause losses of trillions of dollars.

   (2) Early warning spacecrafts may get disabled. However, 
GRAPES-rays3 due to equatorial location on Earth is well-raysshielded, 
will continue to operate providing valuable data.

  (3) GRAPES-rays3 discovery shows that cosmic rays can be used as 
 as effective tool for probing space weather 

  (4) Large analysis effort to better understand existing 19 years of     
data for signs of storm-rayslike events. Algorithms to predict storms 
using known events (may be using Artificial Neural Network). 

                 Perspective
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       Thundercloud potential 



B. Hariharan, GRAPES-rays331/07/2019

1750s

1920s

1994

2001

2011

C.T.R. Wilson’s 
prediction of 

1 GV 90Y ago

B. Franklin
Charging 

mechanism

Discovery of Terrestrial gamma ray 
flashes (TGFs) by CGRO  

Measurement of 
0.13 GV

Detection of 100 MeV gamma rays 
 in TGFs by AGILE 
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      GRAPES-3 has recorded 184 thunderstorm events 
during April 2011- December 2014  

v

1 December 2014 Event

As µ+/µ- > 1, deceleration of µ+  and acceleration of µ-  would result a net decrease. 
Since GRAPES-3 records muons >1 GeV, so it requires GeV potential to make 

any change in the muon intensity     

20 𝜎
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olt

 Voltage profile with Monte-Carlo Simulation 

Electric Potential (GV)

 Voltage profile with Monte-Carlo Simulation 

 

1.3 GV was estimated for 1 December 2014 Event



20



B. Hariharan, GRAPES-rays331/07/2019

1750s

1920s

1994

2001

2011

2019

C.T.R. Wilson’s 
prediction of 

1 GV 90Y ago

Measurement of 
1.3 GV

B. Franklin
Charging 

mechanism

Discovery of Terrestrial gamma ray 
flashes (TGFs) by CGRO  

Measurement of 
0.13 GV

Detection of 
100 MeV -ray in  𝛾-ray in 

TGFs 
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Muon burst on 22 June 2015 Ooty midnight 
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    Rate went up by 1% in all 16 modules for 2 hours 



  

Fast Fourier Transform Analysis   
Forbush Decrease 



  

Connection between Muon Burst and IMF

Hypothesis

Transient weakening of 
geomagnetic field due to 
magnetic reconnection for 
two hours leading to lowering 
of cutoff rigidity and allowing 
low energy cosmic rays to 
enter earth’s atmosphere 

Simple Model

Vector addition of geomagnetic 
field and time dependent IMF

Cutoff rigidity map for GRAPES-3

    14 GV in West to 32 GV in East



  

Computation of cutoff rigidity
An antiproton is launched from Earth’s 
surface to 25Re in geomagnetic field 
modeled by International Geomagentic 
Reference Field (IGRF-11)

A cutoff rigidity map was generated in 360 (azimuth angle) x 70 (zenith 
angle values) directions. Each direction a large number of trajectories to 
be computed starting with a rigidity well above the expected cutoff 
rigidity in steps of 0.01 GV     

If antiproton returns to Earth instead of escaping into space which 
means a proton of same rigidity from space can not reach Earth 
and this value of rigidity is called cutoff rigidity (Rc)

Back tracing



  

            109 protons 

          θ=0–70o, Φ=0-360o 

        Cutoff rigidity check 

    Atmospheric simulation        
using CORSIKA

        Detector simulation 

Muon counts in 169 directions

Simulation of cosmic ray interaction in the 
atmosphere 
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