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The Sun and its internal structure 

Star type: yellow dwarf 
Radius: 695000km 
 
Rotation Period: 
   27d (equator) 
  >30d (at the poles) 
Temperature:  

 on the surface 5777K 
 in the corona: 5×106K 
 in the nucleus: 2×107K 

Distance Sun-Earth: 
150×106km (1UA) 



The Sun and its internal structure 
The Sun can be split into 2 regions 
§  The interior is a sphere with radius R=7*108m 

divided into: 
ú  Core 
ú  Radiative zone  
ú  Convection zone 

§  The atmosphere lies on the top and has the 
following layers:   
ú  The photosphere about 300 km thick. Most of the 

Sun visible light that we see originates from this 
region 

ú  The chromosphere is about 2000 km thick. We only 
see this layer and outer layers during an eclipse 

ú  The corona extends outwards for more than a solar 
radius 

 



Other view of the Sun structure 



Solar magnetic field 
•  The Solar magnetic field evolves over an 

11-year cycle, at the end of which the 
polarity is inverted 

•  The Sun is not a rigid solid, it is in rotation 
(period 25.38 days at the equator), it has 
a differential rotation with latitude and this 
causes the distortion of the magnetic field 
lines 

•  Tipically, the magnetic fields originate (as 
in the Earth) due to stretching of the 
matter between the moving parts of the 
Sun at different speeds (dynamo) 

•  The Sun is also a conductive fluid so the 
magnetic field lines of the “dynamo” are 
dragged into the motion of the various 
parts, are amplified in the motion and then 
evolve during the cycle sometimes 
emerging on the surface (sunspots) 



Sunspots 
The magnet ic f ie ld l ines 
interfere with the convective 
movement of the plasma which 
is relatively cold with respect to 
the surroundings 

The number of sunspots is an 
indication of solar activity 

NASA 



At intermediate energies the 
path followed are more 
complex 

Cosmic rays and magnetic fields 
§  The charges are affected by magnetic fields and if they are 

low energy they are diverted 
§  Therefore any change in the Earth’s magnetic field (caused 

by solar activity) produces a change in the flow of cosmic 
rays. 

§  From Earth, solar activity is also followed by cosmic ray and 
neutron monitor detectors (vedi http://www.nmdb.eu) 



Solar activity modifies the Earth magnetic field 



Anti-correlation with solar activity 



Solar magnetic activity 

§  The solar magnetic field (on the surface) is thousands of 
times more intense than the Earth magnetic field. There are 
several situations that lead to the variation of the magnetic 
field:  
•  Solar flares, eruptions of plasma (hot gas) in the 

chromosphere 
•  Solar wind: flares and solar activity contribute to heating 

the chromosphere and the corona that partly  escapes 
from the Sun towards interplanetary space, constituting a 
constant flow of charged particles (electrons and protons) 
from the Sun to the outside. 

•  CME (Coronal Mass Ejection) in this case an arc of mass 
of gas is expelled from the Sun towards space, if it arrives 
on Earth it contributes to auroras or solar storms 







CME – Coronal Mass Ejections 



Space Weather 
§  Forecast of solar activity,  
§  Monitoring and auroral boreal forecasts, 
§  Warnings in case of CME that can propagate 

towards the Earth,  
§  Monitoring of magnetic fields and  
§  Any information useful to understand solar 

activity : 
http://www.swpc.noaa.gov/ 



How we observe the Sun 

From the Earth: 
Visible, infrared, 
UV, radio+CRs 
 
From Satellites:  
X and gamma-rays, 
microwaves+CRs 



Solar Monitoring 
§  X-rays and gamma-ray observations 
§  Observations in visible light 
§  Acoustic wave propagation measurements in 

the Sun   (via Doppler effect, helioseismology) 
§  Radio and Microwaves observations (also on 

Earth) 
§  Measurements of cosmic ray fluxes 
§  Measurements of interplanetary magnetic 

fields 



The fleet of satellites that observe the Sun 





High energy observations 

§  The gamma-ray observations were rather 
limited before the launch of the Fermi satellite 
(2008). 

§  Only 9 flares observed as gamma-rays before 
launch, associated with significant intensity 
flares observed in the 1990s 



Fermi-LAT as a Solar Observatory 

Gamma-ray Burst Monitor (GBM) 
12 NaI and BGO Detectors 

8keV-40MeV 
Whole unocculted sky 

Large Area 
Telescope (LAT) 

Fermi Gamma-ray 
Space Telescope 

Tracker Imaging 
Calorimeter 

Anti-Coincidence 
Detector 

(surrounding) 

q  Launched in 2008 
q  Wide Field of View 
q  High sensitivity above 100MeV 
q  Observes the entire sky every 2 orbits: 

Sun in the FoV about  
30min every 3 hours 

Fermi Gamma-ray 
Space Telescope 





² Quiet gamma-ray  emission from the Sun has two 
components (Fermi-LAT observations in the first 18 months 
ApJ 734 (2011) 116): 
²  Extended emission: Inverse Compton (IC) due to the CR 

electron scattering off solar photons in the heliosphere  
²  Pointlike emission: CR nuclei interactions with the solar 

atmosphere  
² Gamma-ray emission studies are a sensible probe for CR 

fluxes in the solar system and for electrons in the inner 
heliosphere 

²  IC solar emission is extended and is a background for many 
studies; a detailed knowledge of this emission is needed 

High energy emission from the Sun 



Solar activity and Cosmic rays 

Max solar activity ‐> min cosmic‐ray flux 
Min solar activity ‐> max cosmic‐ray flux 
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Gamma-ray flux measurements depend on the solar 
cycle, and so on CRs flux intensities 



Hadronic interactions of cosmic rays with the solar atmosphere  

1) Emission from the disk 

Model of the cascade  
(Seckel et al. 1991 ApJ, 382, 652) 

Thompson et al. 1997 
JGR, 102, 1473 -> 
upper limit with EGRET 

Credits: E.Orlando 



2) Extended Inverse Compton (IC) emission 



First Detection of the Quiet Sun in 
Gamma Rays 

Orlando & Strong (2008) A&A 480, 847  

EGRET 

Analysis in Sun-centered system:  
Disk and extended IC components were detected and separated.  

IC emission found in agreement with models. 
Credits: E.Orlando 



EXTRAGALACTIC 
BACKGROUND 

Local interstellar 
e- spectrum 

Ф=500 MV 

Ф=1000 MV 

20° 0.5° 

5° 

Gamma-ray spectrum for different 
solar modulation conditions 

Angular distance from the Sun 

Gamma intensity vs angular  
distance from the Sun  

Examples of IC Models 
 From Orlando & Strong (2008) A&A 480, 847  

Credits: E.Orlando 



Accounting for the Sun in Fermi LAT 
analyses 

1) Dedicated Fermi Science Tools  
(Johannesson & Orlando (2013) arXiv:1307.0197) 

2) The Fermi Science Tools need input of IC models  
(Orlando & Strong (2013) NuPhBS, 239, 266) 

Credits: E.Orlando 



Fermi-LAT data analysis 
§  Energy range: 30 MeV – 300 GeV 
§  ROI: 20 deg 
§  Zenith angle: <100° 
§  Sun centered data analysis 
§  Further selections: 

ú  Galactic plane cut: |b| >30°  
ú  Moon-Sun angular separation > 20°  
ú  Cut on bright sources with F(>100MeV) > 5 10-7 ph/cm2s within 20deg 

from the SUN 
ú  Solar flares and all flaring sources excluded 
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Background estimation 
•  Off-source (“fake” source)  follows the 

path of the real source but at different 
times at 90° (120°,180°) distance 
(passes through the same areas in 
the sky but at different times) 
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Sun 
Off-time 
source 

•  Same data selection cuts applied to the sun data sample  
•  Modeling spectrum using a: 

•  A generic file spectrum 
•  A generic radial dependence starting from a dummy flat 

distribution 
•  Adjusting the energy spectrum and spatial distribution to minimize 

residuals, few iterations to convergence 
•  Output of likelihood analysis is the background model for the sun 

region 



The Quiet Sun seen by Fermi-LAT 

A. A. Abdo et al. 2011 ApJ 734 116  

IC component Disk component 



Significance map 
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Preliminary

Significance map of the 
Sun as a function of RA 
and DEC in +/-5 degrees 
from the instantaneous 
position of the Sun 

 
Coordinates are offsets 
from the Sun position in 
ecliptic coordinates. 

Energy range: 30 MeV - 100MeV 



The Fermi-LAT Solar Coverage 

Credits: M.Pesce-Rollins 



Categories of Fermi-LAT Solar Flares 

Credits: M.Pesce-Rollins 



SOL2012-03-07 flare : the big one! 

  The most powerful flare 
ever observed 
  The most durable: 
emission lasted for more 
than 20 hours 
  The most energetic 
solar photon ever 
observed in a flare (4.5 
GeV) 

March 15, 2012 Astronomy picture of the day 
http://apod.nasa.goc/apod/ap120315.html 

March 6, 2012 

March 7, 2012 



Exceptional behind the limb solar flare 

Credits: M.Pesce-Rollins 



Localization of the high energy gamma-rays 

Ajello et al., 2014 ApJ…789..20 

Ø  Localization studies provide 
insight to the source of the 
accelerated particles 

Ø  The position of the 
emission centroid is 
measured by a likelihood 
analysis 

Ø  For the brightest flares  the 
>100 MeV emission 
centroid is found  to be 
consistent with the location 
of the active region on the 
solar disk 
(picture integrated in time)  

SOL2012-03-07 



September 10th, 2017 solar flare 

Credits: M.Pesce-Rollins 



Summary 
§  The Sun causes the variability of cosmic ray flux at low energy 

(<10GeV) both for particles it emits and for the variability of the magnetic 
field 

§  We have not yet fully understood  the mechanism of particle acceleration 
and the details of the Sun’s magnetic field 

§  The high energy emission from the Sun accounts for two distinct 
components: disk hadronic component and Inverse Compton component 

§  Several solar flares have been detected at high energy and are included 
in the Fermi LAT Solar Flare Catalog in preparation 

§  Bibliography and references: 
•  http://www.spaceweather.com/ 
•  http://solarscience.msfc.nasa.gov/ 
•  http://www.solarmonitor.org/index.php (Sun in real time with various detectors) 
•  https://www.swpc.moaa.gov/communities/space-weather-enthusiasts 

•   Neutron Monitors: 
•  http://www.nmdb.eu/nest/search.php 
•  http://cr0.izmiran.rssi.ru/apty/main.html 



Thank you! 



Back-up 



How to explain the long duration γ-ray 
E>100 MeV mechanism? 

Ø  Continuous acceleration at flare 
reconnection region via Stochastic 
acceleration (Petrosian&Liu 2004) 

Ø  Accelerated particle spectra become 
softer as turbulence weakens 

Ø  Can explain the spectral evolution 
seen for SOL2012-03-07 

Ø  CME-driven shock 
(Murphy et al 1987) 
can accelerate 
particles 

Ø  γ emission cannot 
occur at CME site 
(density is too low) 

Ø  Particles must travel 
back to the Sun 

Ø  Cannot explain long 
lasting emission 



Gamma ray solar flares 

Gamma-ray solar flares are produced 
from interactions of particles with plasma 
of the corona: 
1.  Bremmsstrahlung 

•  10 keV-1GeV 
2.  Nuclear de-excitation 

•  ≈ 0.5-8MeV 
3.  Pion decay 

•  >10MeV 

²  The acceleration mechanism is thought to be due to the reconnection of 
magnetic field lines 

²  The study of gamma-rays allows us to probe different mechanismis and 
the time evolution 

²  We want to understand how a structure that evolves chaotically is 
maintained for so long 



Interplanetary magnetic field 

The IMF or HMF is the 
component of the solar  
magnetic field carried by 
the solar wind out from the 
solar corona and that fills 
the solar system.  
It rotates like the Sun 




