
The e�ets of Inverse Compton Losses onthe Evolution of Eletron Spetra fromSNRs.DESY Summer Student Programme, 2014Leilee ChojnakiNUIG, IrelandSupervisorDr. Igor TelezhinskyGroupTHAT4th of September 2014AbstratThe eletron energy losses due to Inverse Compton sattering on the radiation �eldspresent around Type IIp SNRs are investigated. The target radiation �eld inludesuniform CMB, galati IR dust emission and bakground starlight from observations,and an originally modelled omponent aounting for HII reombination. The or-responding eletron energy spetra evaluated for the free expansion stage of the SNreveal minor softening in the 0.1GeV to 100GeV range with respet to previouslyevaluated spetra taking into aount only synhrotron losses by Telezhinsky et. al(2013).



1 1 INTRODUCTION1 IntrodutionThe origin of high energy osmi rays is urrently a major puzzle in modern astronomyand astrophysis, both in terms of loating signals from potential aelerators and in termsof modelling the variety of andidate objets and proesses apable of their prodution.The osmi ray spetrum itself an be haraterized by several regions dominated bydi�erent power laws; the power of the urve in any one region is alled the spetral powerindex. More steeply deaying regions of the urve have higher spetral indies, and withrespet to shallower parts of the urve are alled softer, sine these spetra favour morelow energy partiles. Conversely, when examining a more shallowly deaying region (lowerspetral index) it is referred to as harder.It is now thought that Supernova Remnants (SNRs) are the primary soure of osmirays with energies below 3 · 1015 eV[1]. At this energy, the osmi ray spetral powerindex hanges from roughly 2.7 to 3.0[1] -a feature known as the knee- resulting in a moresteeply deaying spetrum for higher energies, that is , a softer spetrum. This hange inpower index ould be indiative of the transition to a di�erent mehanism dominating theaeleration, whih is supported by the fat that simulated models of SNRs are unable toaelerate partiles to energies beyond an upper limit of 1016 eV[2] and so other objetsmust be responsible for higher energy osmi ray prodution.Despite SNRs being onsidered strong andidates for produing these mid-range energyosmi rays, urrent theoretial alulations -by way of simulations- produe spetra withharder spetral indies than observations: simulations produe an index near 2.0, whihdoes not math the observed 2.7[1,3]. As a result, a major avenue of ongoing researh isthe adaptation of theoretial models to remove some of the simplifying assumptions, atthe ost of inreasing omplexity of the problem and therefore omputing time.At DESY Zeuthen one suh SNR simulation program alled Patron (Partile AelerationTransport Radiation Objet-orieNted PYthon Code) is being developed by the THATgroup to alulate -among other quantities- the expeted spetra of eletrons and protonsaelerated in SNRs using the osmi ray transport equation:
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) + 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 advetion, the soure term Q represents the injetion ofthermal partiles into the aeleration proess, and the term in ṗ pertains to osmi rayenergy losses. The di�usion and advetion terms are aounted for by hydrodynamialsimulations within the program. The proess of aeleration is modelled by di�usive shokaeleration. This mehanism relies on the fat that a partile rossing a shok front isalways statistially more likely to undergo a head on ollision with the partiles on theother side of the shok: it is re�eted bak and forth aquiring energy eah time, untilit has aquired su�ient veloity to avoid the head on ollisions responsible for re�etionand is therefore able to esape; this results in the non thermal power law spetrum ofindex 2 mentioned above. The losses term at the start of this projet aounted only



2 RELATIVISTIC INVERSE COMPTON EFFECT 2for synhrotron radiative losses, whih are signi�ant only for eletrons due to their lowermass.The objetive of this projet was to inlude the eletron energy loss from Inverse Comp-ton (IC) sattering on photons in the viinity of the remnant and to see how the spetralindex is modi�ed. The following steps were taken in order to aomplish this:(a) Patron was updated to inlude an IC losses term, with the interation desribed bythe relativisti ross setion for photon-eletron interations, alled the Klein Nishina(KN) ross setion.(b) The energy density of photons in the surroundings of the SNR was investigated toserve as the target �eld for the IC sattering of the non thermal spetrum of rela-tivisti partiles. Several soures of radiation were identi�ed -whih will be desribedin more detail in setion 3- though only ontributions from the �rst four have beensuessfully inorporated into Patron at the time of this report:
• Cosmi mirowave bakground.
• Bakground starlight.
• Infrared galati dust emission.
• Reombination spetrum from the HII louds reated by the star.
• Bremsstrahlung of the non thermal partiles with the ioni louds surroundingthe remnant.() The Patron simulation was then run to predit the evolution of eletron spetra upto 400 years after a type IIp Supernova explosion.2 Relativisti Inverse Compton e�etThe Inverse Compton e�et refers to photon-eletron interations in whih the photonis upsattered to higher energies at the expense of kineti energy from the eletron in thelaboratory frame. This proess an be modelled identially to the Compton e�et by usingthe eletron rest frame, in whih ase from the relativisti Doppler e�et[4] the inidentphoton energy beomes:

ǫ = ǫ′γ(1 + β cos θ) (2)For relativisti eletrons β is approximately 1; additionally for isotropi photon density,
cos θ averages to 0. Under the latter assumption, the (1 + β cos θ) fator an be set to 1,so for omputational simpliity 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 sattering ross setion for the relativisti Compton e�et is given in terms of ǫ bythe KN formula[5], whih de�nes the interation e�ieny as a funtion of the energy ofthe photon in the eletron rest frame (in gaussian units):
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] (6)The total power lost[6] by the eletron via Inverse Compton sattering 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 setion.Combining the above with the non thermal power law momentum spetra generatedby Patron allows eletron spetra a�eted by the IC e�et to be alulated. In order toon�rm that the alulations are in line with expetation, a omparison was made betweenspetra a�eted by IC losses only and spetra a�eted by Synhrotron losses only. Thisomparison is reasonable given that the ratio of synhrotron power loss to IC power lossis just equivalent to the ratio of the orresponding target �eld energy densities (in gs):
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Urad
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=
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B2

8π

(8)whih is a manifestation of the fat that Synhrotron radiation is in essene the sametype of sattering event as Compton sattering. We therefore expet the power losses tobe equivalent for simulations saled 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 alulated to be:
Urad =

9 × 10−8

8π
≈ 4 × 10−8erg/cm3 (9)whih is 10−4 orders of magnitude larger than the value for CMB (see setion 3.1). Theresult of this omparison an be seen in Figure 1, and lose examination shows the spetralie diretly on top of eah other, demonstrating that the alulations for the IC losses areorret.3 Target Radiation Fields3.1 Bakground ontributionsThe bakground omponents of the radiation �eld surrounding the expanding remnantpredominantly ome from three di�erent soures: the CMB, bakground di�use starlight



3 TARGET RADIATION FIELDS 4
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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 ReombinationStars with initial masses greater than 25 solar masses (M⊙) burn initially with lumi-nosities in exess of 110L[8]
⊙
, whih from the HR diagram yields a surfae temperature onthe order of 25000K. One the star has reahed the arbon burning phase, this value hasrisen to 140L[8]

⊙ though the star has migrated to the Giant branhes, whih leads to anequivalent surfae 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 thesurfae temperature.The temperature of the star determines the number of ionizing photons it produes. Ifthe star is hot enough it an ionize the irumstellar medium out to distanes on the order ofparses. This region would remain ionized while it is still bombarded by ionizing radiationfrom the star. One its nulear fuel is spent and the ore ollapse SN event ours, thefurthest reahes of the ionizing loud beyond the SN shok front will reombine, releasinga reombination spetrum whih -provided the reombination timesale 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 distanes largeenough to be downstream of the SN shok front. One further assumption must be made:



5 3 TARGET RADIATION FIELDSthat the ionized medium is omposed predominantly of Hydrogen, so its omponents areeletrons and protons. This is alled an HII region. To verify whether or not suh a regionould impat the osmi ray spetrum through its reombinant radiation �eld, an estimateof the lifetime of the radiation �eld from this reombination an be made: the meantimeper reombination is:
trecomb =

ne

Ṅr

=
np

nenpαn
=

1

neαn
(10)where ne and np are the eletron and proton number densities respetively, and αn is thereombination oe�ient for transitions from free-free state to levels of prinipal quantumnumber n. The reombination oe�ients for n=1,2 and 3 dominate over the others;however it is reasonable to assume that all ground state reombinations, whih result inthe release of an ionizing photon, will be absorbed by any reombined surrounding atomsresulting in ionization. Therefore, there is no overall net release of energy into the radiation�eld by ground state reombinations. Using the value 12.4×10−14m3/s[9] for the totalreombination oe�ient and taking average irumstellar eletron and proton densitieson the order of 103m−3 for an HII region (whih typially range from 10 to 106m−3)gives a mean reombination time on the order of 255 years. This means that there ouldbe reombination photons in the environment surrounding the SNR for at least severalenturies 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 willexeed the SN shok front for the duration of the reombination timeframe, whih roughlyoinides 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)suh 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 prodution of ionizing photons:
Rströmgren =
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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 reombination oe�ients only. Assuming that the stellarspetrum is a perfet blakbody spetrum we an determine the prodution rate of ionizingphotons to be:
Ṅion = 4πR2
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3 TARGET RADIATION FIELDS 6where the minimum frequeny required to ionize neutral Hydrogen is νion = 3.29×1015 Hz(orresponding to 13.6eV), and ontributions from lower energy photons an be onsiderednegligible sine the lifetimes of exited states of Hydrogen are on the order of 10−9s[12], suhthat ionization from an exited state will not happen often enough to make a notieablee�et. The stellar radius of the 25M⊙ star during its Main Sequene phase is roughly8R[8]
⊙
, while during all burning stages from arbon onward this has drastially inreased to1000R[8]
⊙ sine these phases take plae on the Red Giant Branh. Substituting x = hν

kBTand ex
− 1 =

∞
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n=1
e−nx, and evaluating this integral by partial frations gives:
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) (14)Numerial evaluation up to n = 50 for a star of surfae temperature 25000K leads to aprodution rate of 2.5×1050s−1, and remarkably for the 5000K phase the rate has inreasedto 7×1053s−1, in spite of the muh ooler spetrum. This is due to the inrease in thesurfae area of the star by a fator 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 respetively6.2p and 88p. The latter value is of ourse ludirous, sine in pratie a star's in�ueneis limited by the loal harateristis of the Interstellar Medium, the loal density of stellarpopulation, et. Yet this �gure plaes an upper limit for the size of HII regions omfortablyoutside the SN shok radius, whih validates the assumption that a ontribution on theloal radiation �eld from HII regions ould be expeted at all.To evaluate the reombinant radiation density, the maximum energy expeted 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 preise number densities as alulated from hy-drodynamial simulations, Xion = 13.6eV is the maximum energy released by asadereombination and t is the timestep set as 1 year.3.3 BremsstrahlungIn the previous setion it has been shown that Hydrogen in the medium surrounding theSN blast wave is ompletely ionized up to several parses away, the exat distane depend-ing on the properties of both the progenitor star and the surrounding medium. This meansthat any harged partiles esaping the shok front after being aelerated will undergofurther Coulomb interations in this ionized gas. As a result of the hange in motion, theseharged partiles will transfer energy to the loal radiation �eld by the same Larmor meh-anism that underlies the IC power transfer, a proess known as Bremsstrahlung or brakingradiation. The parallel with Compton interations an be highlighted by modelling thebraking radiation as the interation of eletrons with the virtual photons of the Coulomb�eld: the same interation ross setions apply. The analytial solution to non-thermal



7 4 CONCLUSIONSeletron bremsstrahlung emission has been found to be[13]:
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(16)for photon energies -from the eletron rest frame- residing within the non-relativisti Thom-son interation regime. At the time of this report, this expression is being realulated tomake use of the relativisti Klein Nishina interation ross setion. As suh, neither theintirinsi losses from bremsstrahlung nor the orresponding inrease in the radiant energydensity have been inorporated into Patron.4 ConlusionsThe result of the simulated eletron spetra evolution for type IIp Supernovae an be seenin Figure 2. Examination of the earliest spetra reveal minor softening in range from 0.1GeV to 100 GeV as a result of energy losses with no orresponding energy gains elsewherein the spetrum. At later ages, this range is shifted towards higher energies by a fator ofroughly two over a period of 400 years.It is unlear whether this trend may ontinue to intothe Sedov phase of evolution, for this purpose alulations ould be extended to 2000 years.The methods used here an also by applied to other types of SNe, with the exeption ofthe HII reombination model whih requires a massive progenitor star destined to undergoa ore-ollapse event.
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