
The e�e
ts of Inverse Compton Losses onthe Evolution of Ele
tron Spe
tra fromSNRs.DESY Summer Student Programme, 2014Leilee Chojna
kiNUIG, IrelandSupervisorDr. Igor TelezhinskyGroupTHAT4th of September 2014Abstra
tThe ele
tron energy losses due to Inverse Compton s
attering on the radiation �eldspresent around Type IIp SNRs are investigated. The target radiation �eld in
ludesuniform CMB, gala
ti
 IR dust emission and ba
kground starlight from observations,and an originally modelled 
omponent a

ounting for HII re
ombination. The 
or-responding ele
tron energy spe
tra evaluated for the free expansion stage of the SNreveal minor softening in the 0.1GeV to 100GeV range with respe
t to previouslyevaluated spe
tra taking into a

ount only syn
hrotron losses by Telezhinsky et. al(2013).



1 1 INTRODUCTION1 Introdu
tionThe origin of high energy 
osmi
 rays is 
urrently a major puzzle in modern astronomyand astrophysi
s, both in terms of lo
ating signals from potential a

elerators and in termsof modelling the variety of 
andidate obje
ts and pro
esses 
apable of their produ
tion.The 
osmi
 ray spe
trum itself 
an be 
hara
terized by several regions dominated bydi�erent power laws; the power of the 
urve in any one region is 
alled the spe
tral powerindex. More steeply de
aying regions of the 
urve have higher spe
tral indi
es, and withrespe
t to shallower parts of the 
urve are 
alled softer, sin
e these spe
tra favour morelow energy parti
les. Conversely, when examining a more shallowly de
aying region (lowerspe
tral index) it is referred to as harder.It is now thought that Supernova Remnants (SNRs) are the primary sour
e of 
osmi
rays with energies below 3 · 1015 eV[1]. At this energy, the 
osmi
 ray spe
tral powerindex 
hanges from roughly 2.7 to 3.0[1] -a feature known as the knee- resulting in a moresteeply de
aying spe
trum for higher energies, that is , a softer spe
trum. This 
hange inpower index 
ould be indi
ative of the transition to a di�erent me
hanism dominating thea

eleration, whi
h is supported by the fa
t that simulated models of SNRs are unable toa

elerate parti
les to energies beyond an upper limit of 1016 eV[2] and so other obje
tsmust be responsible for higher energy 
osmi
 ray produ
tion.Despite SNRs being 
onsidered strong 
andidates for produ
ing these mid-range energy
osmi
 rays, 
urrent theoreti
al 
al
ulations -by way of simulations- produ
e spe
tra withharder spe
tral indi
es than observations: simulations produ
e an index near 2.0, whi
hdoes not mat
h the observed 2.7[1,3]. As a result, a major avenue of ongoing resear
h isthe adaptation of theoreti
al models to remove some of the simplifying assumptions, atthe 
ost of in
reasing 
omplexity of the problem and therefore 
omputing time.At DESY Zeuthen one su
h SNR simulation program 
alled Patron (Parti
le A

elerationTransport Radiation Obje
t-orieNted PYthon Code) is being developed by the THATgroup to 
al
ulate -among other quantities- the expe
ted spe
tra of ele
trons and protonsa

elerated in SNRs using the 
osmi
 ray transport equation:
∂N

∂t
= ∇(Dr∇N − vN) −

∂

∂p
((Nṗ) −

∇v

3
) + Q (1)where N is the number density of 
osmi
 rays, the term in Dr pertains to 
osmi
 raydi�usion, terms in v pertain to adve
tion, the sour
e term Q represents the inje
tion ofthermal parti
les into the a

eleration pro
ess, and the term in ṗ pertains to 
osmi
 rayenergy losses. The di�usion and adve
tion terms are a

ounted for by hydrodynami
alsimulations within the program. The pro
ess of a

eleration is modelled by di�usive sho
ka

eleration. This me
hanism relies on the fa
t that a parti
le 
rossing a sho
k front isalways statisti
ally more likely to undergo a head on 
ollision with the parti
les on theother side of the sho
k: it is re�e
ted ba
k and forth a
quiring energy ea
h time, untilit has a
quired su�
ient velo
ity to avoid the head on 
ollisions responsible for re�e
tionand is therefore able to es
ape; this results in the non thermal power law spe
trum ofindex 2 mentioned above. The losses term at the start of this proje
t a

ounted only



2 RELATIVISTIC INVERSE COMPTON EFFECT 2for syn
hrotron radiative losses, whi
h are signi�
ant only for ele
trons due to their lowermass.The obje
tive of this proje
t was to in
lude the ele
tron energy loss from Inverse Comp-ton (IC) s
attering on photons in the vi
inity of the remnant and to see how the spe
tralindex is modi�ed. The following steps were taken in order to a

omplish this:(a) Patron was updated to in
lude an IC losses term, with the intera
tion des
ribed bythe relativisti
 
ross se
tion for photon-ele
tron intera
tions, 
alled the Klein Nishina(KN) 
ross se
tion.(b) The energy density of photons in the surroundings of the SNR was investigated toserve as the target �eld for the IC s
attering of the non thermal spe
trum of rela-tivisti
 parti
les. Several sour
es of radiation were identi�ed -whi
h will be des
ribedin more detail in se
tion 3- though only 
ontributions from the �rst four have beensu

essfully in
orporated into Patron at the time of this report:
• Cosmi
 mi
rowave ba
kground.
• Ba
kground starlight.
• Infrared gala
ti
 dust emission.
• Re
ombination spe
trum from the HII 
louds 
reated by the star.
• Bremsstrahlung of the non thermal parti
les with the ioni
 
louds surroundingthe remnant.(
) The Patron simulation was then run to predi
t the evolution of ele
tron spe
tra upto 400 years after a type IIp Supernova explosion.2 Relativisti
 Inverse Compton e�e
tThe Inverse Compton e�e
t refers to photon-ele
tron intera
tions in whi
h the photonis ups
attered to higher energies at the expense of kineti
 energy from the ele
tron in thelaboratory frame. This pro
ess 
an be modelled identi
ally to the Compton e�e
t by usingthe ele
tron rest frame, in whi
h 
ase from the relativisti
 Doppler e�e
t[4] the in
identphoton energy be
omes:

ǫ = ǫ′γ(1 + β cos θ) (2)For relativisti
 ele
trons β is approximately 1; additionally for isotropi
 photon density,
cos θ averages to 0. Under the latter assumption, the (1 + β cos θ) fa
tor 
an be set to 1,so for 
omputational simpli
ity this has been omitted in the 
ode.It is worth noting that Patron works in terms of a normalized momentum 
omponentgiven by:

pnorm =
p

mec
= γβ ≈ γ (3)The 
orresponding normalized photon energy is given by:

ǫ = γ
hν

mec2
(4)



3 3 TARGET RADIATION FIELDSFor a thermal distribution of photons this 
an be approximated instead by:
ǫ = γ

kBT

mec2
(5)The s
attering 
ross se
tion for the relativisti
 Compton e�e
t is given in terms of ǫ bythe KN formula[5], whi
h de�nes the intera
tion e�
ien
y as a fun
tion of the energy ofthe photon in the ele
tron rest frame (in gaussian units):

σKN = 2π
e2

mec2

[

1 + ǫ

ǫ2

(

2(1 + ǫ)

1 + 2ǫ
−

ln(1 + 2ǫ)

ǫ

)

+
ln(1 + 2ǫ)

2ǫ
−

1 + 3ǫ

(1 + 2ǫ)2

] (6)The total power lost[6] by the ele
tron via Inverse Compton s
attering is equivalent tothe power gained by the photon:
PIC =

4

3
σKNcγ2β2Urad (7)where Urad is the photon energy density -or radiation �eld- investigated in the next se
tion.Combining the above with the non thermal power law momentum spe
tra generatedby Patron allows ele
tron spe
tra a�e
ted by the IC e�e
t to be 
al
ulated. In order to
on�rm that the 
al
ulations are in line with expe
tation, a 
omparison was made betweenspe
tra a�e
ted by IC losses only and spe
tra a�e
ted by Syn
hrotron losses only. This
omparison is reasonable given that the ratio of syn
hrotron power loss to IC power lossis just equivalent to the ratio of the 
orresponding target �eld energy densities (in 
gs):

PIC

Psyn
=

Urad

Umag
=

Urad

B2

8π

(8)whi
h is a manifestation of the fa
t that Syn
hrotron radiation is in essen
e the sametype of s
attering event as Compton s
attering. We therefore expe
t the power losses tobe equivalent for simulations s
aled to have the same values for Urad and Umag . For thispurpose, the magneti
 �eld was modelled to be everywhere uniform and 
ontinuous witha value of 300µG. The equivalent Urad �eld was therefore 
al
ulated to be:
Urad =

9 × 10−8

8π
≈ 4 × 10−8erg/cm3 (9)whi
h is 10−4 orders of magnitude larger than the value for CMB (see se
tion 3.1). Theresult of this 
omparison 
an be seen in Figure 1, and 
lose examination shows the spe
tralie dire
tly on top of ea
h other, demonstrating that the 
al
ulations for the IC losses are
orre
t.3 Target Radiation Fields3.1 Ba
kground 
ontributionsThe ba
kground 
omponents of the radiation �eld surrounding the expanding remnantpredominantly 
ome from three di�erent sour
es: the CMB, ba
kground di�use starlight
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omparison of ele
tron spe
tra produ
ed with only IC (red) or Syn-
hrotron (green) e�e
tsand gala
ti
 IR dust emission. The ba
kground starlight 
an be further subdivided into twothermal bla
kbody �elds to better 
apture the variety of spe
tral types of gala
ti
 stars:the �rst �eld is assumed to peak at 5000K and the se
ond at 10000K. The CMB maybe assumed to be isotropi
, while for the other 
omponents the dire
tion of the in
identba
kground depends heavily on the lo
ation of the star within the gala
ti
 plane. Forsimpli
ity, we shall assume a star deeply imbedded in the galaxy su
h that the in
identlight 
an be assumed to be isotropi
 -whi
h is true at least for dire
tions within the gala
ti
plane- in order to make use of the argument followed in Se
tion 2. Under this assumption,the quantity of interest for ea
h 
omponent is the ele
tromagneti
 energy density Urad.Values for ea
h of these have been taken to be respe
tively UCMB = 4.0 × 10−13 erg/
m3,

UgIR = 3.6 × 10−13 erg/
m3, U5000 = 3.6 × 10−13 erg/
m3, and U10000 = 3.6 × 10−13erg/
m3[7].3.2 HII Re
ombinationStars with initial masses greater than 25 solar masses (M⊙) burn initially with lumi-nosities in ex
ess of 110L[8]
⊙
, whi
h from the HR diagram yields a surfa
e temperature onthe order of 25000K. On
e the star has rea
hed the 
arbon burning phase, this value hasrisen to 140L[8]

⊙ though the star has migrated to the Giant bran
hes, whi
h leads to anequivalent surfa
e temperature on the order of 5000K. The star's luminosity remains 
loseto the latter value throughout the remaining stages of the star's life, and so too does thesurfa
e temperature.The temperature of the star determines the number of ionizing photons it produ
es. Ifthe star is hot enough it 
an ionize the 
ir
umstellar medium out to distan
es on the order ofparse
s. This region would remain ionized while it is still bombarded by ionizing radiationfrom the star. On
e its nu
lear fuel is spent and the 
ore 
ollapse SN event o

urs, thefurthest rea
hes of the ionizing 
loud beyond the SN sho
k front will re
ombine, releasinga re
ombination spe
trum whi
h -provided the re
ombination times
ale is long enough-
ould 
ontribute to the energy density of the IC target �eld. Let it be assumed for themoment that there is enough ionized material from the progenitor star at distan
es largeenough to be downstream of the SN sho
k front. One further assumption must be made:



5 3 TARGET RADIATION FIELDSthat the ionized medium is 
omposed predominantly of Hydrogen, so its 
omponents areele
trons and protons. This is 
alled an HII region. To verify whether or not su
h a region
ould impa
t the 
osmi
 ray spe
trum through its re
ombinant radiation �eld, an estimateof the lifetime of the radiation �eld from this re
ombination 
an be made: the meantimeper re
ombination is:
trecomb =

ne

Ṅr

=
np

nenpαn
=

1

neαn
(10)where ne and np are the ele
tron and proton number densities respe
tively, and αn is there
ombination 
oe�
ient for transitions from free-free state to levels of prin
ipal quantumnumber n. The re
ombination 
oe�
ients for n=1,2 and 3 dominate over the others;however it is reasonable to assume that all ground state re
ombinations, whi
h result inthe release of an ionizing photon, will be absorbed by any re
ombined surrounding atomsresulting in ionization. Therefore, there is no overall net release of energy into the radiation�eld by ground state re
ombinations. Using the value 12.4×10−14
m3/s[9] for the totalre
ombination 
oe�
ient and taking average 
ir
umstellar ele
tron and proton densitieson the order of 103
m−3 for an HII region (whi
h typi
ally range from 10 to 106
m−3)gives a mean re
ombination time on the order of 255 years. This means that there 
ouldbe re
ombination photons in the environment surrounding the SNR for at least several
enturies after the death of the progenitor star, provided the star and its surroundingmedium are suitable.The next assumption that requires validation is that the extent of the HII region willex
eed the SN sho
k front for the duration of the re
ombination timeframe, whi
h roughly
oin
ides with the duration of the free expansion phase of the remnant. The radius of thefreely expanding remnant[10] is given by:

Rshock =

(

3M0

4πµmhnh

)1/3 (11)su
h that for a 25M⊙, surrounding hydrogen density of nh = 1 cm−3, and mean mass perhydrogen atom of µ = 1.2, the radius works out to be on the order of 3.7p
.The radius of the HII region 
an be approximated by the radius of a Strömgren sphere[11],determined based on the star's rate of produ
tion of ionizing photons:
Rströmgren =









3ṄLy

4πnpne

∞
∑

n=2
αn









1/3 (12)where the sum of values for alpha has been approximated to be equal to the 
ontributionsfrom the n = 2 and n = 3 re
ombination 
oe�
ients only. Assuming that the stellarspe
trum is a perfe
t bla
kbody spe
trum we 
an determine the produ
tion rate of ionizingphotons to be:
Ṅion = 4πR2

⋆

∞
∫

νion

2hν3

c2

1

e
−

hν
kBT

1

hν
δν (13)



3 TARGET RADIATION FIELDS 6where the minimum frequen
y required to ionize neutral Hydrogen is νion = 3.29×1015 Hz(
orresponding to 13.6eV), and 
ontributions from lower energy photons 
an be 
onsiderednegligible sin
e the lifetimes of ex
ited states of Hydrogen are on the order of 10−9s[12], su
hthat ionization from an ex
ited state will not happen often enough to make a noti
eablee�e
t. The stellar radius of the 25M⊙ star during its Main Sequen
e phase is roughly8R[8]
⊙
, while during all burning stages from 
arbon onward this has drasti
ally in
reased to1000R[8]
⊙ sin
e these phases take pla
e on the Red Giant Bran
h. Substituting x = hν

kBTand ex
− 1 =

∞
∑

n=1
e−nx, and evaluating this integral by partial fra
tions gives:

Ṅion = 4πR2
⋆(

kBT

h
)3

2

c2

∞
∑

n=1

(

x2
ion

n
+

2xion

n2
+

2

n3

) (14)Numeri
al evaluation up to n = 50 for a star of surfa
e temperature 25000K leads to aprodu
tion rate of 2.5×1050s−1, and remarkably for the 5000K phase the rate has in
reasedto 7×1053s−1, in spite of the mu
h 
ooler spe
trum. This is due to the in
rease in thesurfa
e area of the star by a fa
tor of almost 106. Using these values, the approximate radiiof the HII regions during the early life of the star and at the end of its life are respe
tively6.2p
 and 88p
. The latter value is of 
ourse ludi
rous, sin
e in pra
ti
e a star's in�uen
eis limited by the lo
al 
hara
teristi
s of the Interstellar Medium, the lo
al density of stellarpopulation, et
. Yet this �gure pla
es an upper limit for the size of HII regions 
omfortablyoutside the SN sho
k radius, whi
h validates the assumption that a 
ontribution on thelo
al radiation �eld from HII regions 
ould be expe
ted at all.To evaluate the re
ombinant radiation density, the maximum energy expe
ted to bereleased per timestep was de�ned as:
Urecomb(r, t) ≈ np(r, t)ne(r, t)α2,3Xiont (15)where np(r,t) and ne(r,t) are now the pre
ise number densities as 
al
ulated from hy-drodynami
al simulations, Xion = 13.6eV is the maximum energy released by 
as
adere
ombination and t is the timestep set as 1 year.3.3 BremsstrahlungIn the previous se
tion it has been shown that Hydrogen in the medium surrounding theSN blast wave is 
ompletely ionized up to several parse
s away, the exa
t distan
e depend-ing on the properties of both the progenitor star and the surrounding medium. This meansthat any 
harged parti
les es
aping the sho
k front after being a

elerated will undergofurther Coulomb intera
tions in this ionized gas. As a result of the 
hange in motion, these
harged parti
les will transfer energy to the lo
al radiation �eld by the same Larmor me
h-anism that underlies the IC power transfer, a pro
ess known as Bremsstrahlung or brakingradiation. The parallel with Compton intera
tions 
an be highlighted by modelling thebraking radiation as the intera
tion of ele
trons with the virtual photons of the Coulomb�eld: the same intera
tion 
ross se
tions apply. The analyti
al solution to non-thermal



7 4 CONCLUSIONSele
tron bremsstrahlung emission has been found to be[13]:
dW

dtdωdV
=

16Z2e6

3me2c4
niKe(ξe~ω)1−q

(

1 + 2
mec

2

ξe~ω

)1− q

2 1

2
eQ(q−3)/2

[

1 +
eQ

− 2(2 + ξe~ω
mec2

)

(2 + ξe~ω
mec2

)2

]
1

2 [

ln

(

0.684ξe(2 +
ξe~ω

mec2
)

)

+
1/q

1/q − 1

]

(16)for photon energies -from the ele
tron rest frame- residing within the non-relativisti
 Thom-son intera
tion regime. At the time of this report, this expression is being re
al
ulated tomake use of the relativisti
 Klein Nishina intera
tion 
ross se
tion. As su
h, neither theintirinsi
 losses from bremsstrahlung nor the 
orresponding in
rease in the radiant energydensity have been in
orporated into Patron.4 Con
lusionsThe result of the simulated ele
tron spe
tra evolution for type IIp Supernovae 
an be seenin Figure 2. Examination of the earliest spe
tra reveal minor softening in range from 0.1GeV to 100 GeV as a result of energy losses with no 
orresponding energy gains elsewherein the spe
trum. At later ages, this range is shifted towards higher energies by a fa
tor ofroughly two over a period of 400 years.It is un
lear whether this trend may 
ontinue to intothe Sedov phase of evolution, for this purpose 
al
ulations 
ould be extended to 2000 years.The methods used here 
an also by applied to other types of SNe, with the ex
eption ofthe HII re
ombination model whi
h requires a massive progenitor star destined to undergoa 
ore-
ollapse event.
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