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Abstract

Here we describea surprising link betweenthe weak-
interactionand neutrinophysics deepwithin the Gamma-
RayBurst(GRB) centralengineandthe acceleratiorof the
fireballwhich produceghe~-rays.In particular we discuss
how the baryonloadingproblemin GRB fireballsdepends
onwhetherthe baryonsareneutronsor protons.It is found
thata large neutronexcesscanresultin a reducedransfer
of enegy from relatvistic particlesto baryonsin the fire-
ball. In turn, this implies that the final Lorentz factor of
the fireball can be increasedsignificantly for a given ini-
tial enegy input. This raisesthe possibility that obsened
electromagnetior neutrinosignaturesouldgive key clues
into theweak-interactiorhistory of fireballswhich, in turn,
couldgive uniqueinsightsinto the natureof GRBs.

Introduction

In this posterwe shov how the baryonloading problem
canbealleviatedin certaingamma-rayburst(GRB) models
whensignificantnumbersof baryonsarecorvertedto neu-
tronsandhow a simplemechanisntangive rise to a sub-
stantialdispersiorin the GRB protoncomponentWe high-
light our work in Refs. [1, 2] (copiesshouldbe available
below). Thebaryondynamicsdescribecherecanhave sig-
nificantconsequencesr neutrinoandphotonsignalsfrom
GRBsI3].

Interestingly mary of the proposedsRB “centralengines”
involve compactobjectswhich arethemseleshighly neu-
tronized, or which are accompanieddy intenseneutrino
fluxes. Weakinteractiongnducedby theseneutrinofluxes
canresultin significantproton-to-neutromonversion,espe-
cially if resonanheutrinoflavor transformatiortakesplace
[4,5,6].

Inferencesof the enegetics and spectralobsenations of
GRBs imply (i) total enegies in gamma-raysapproach-
ing 10% ergs for the mostenegetic events(in the absence
of beaming),and (ii) large Lorentzfactorsof the progen-
itor fireball (y ~ 10°) (for a recentreview, seeRef. [7]).
Excesste baryonpollution of the fireball precludesattain-
ment of thesefeaturesfor mary GRB models. This is
a consequencef the corversion of radiation enegy in
the electron/positron/phon fireball to kinetic enegy in
baryons[8]. However, the relatively small crosssections
characterizingthe interactionsof neutronswith the elec-
tron/positron/phain plasmamay afford a solutionto this
problem.

A Simplistic Picture

This potential solutionto baryonloading can be seenby
consideringthe fictitious limit of completelynoninteract-
ing neutrons.maginethatprotonsinertially tetheranelec-
tron/positron/phain fireball via photonThomsondragon
e*, which in turn influencesprotonsthroughCoulombin-
teractionslf theseprotonsweresuddenlycorvertedto non-
interacting“neutrons”, thenthe fireball would expandrel-
ativistically, leaving behindthe baryoniccomponent.Real
neutronsanapproximatethis limit asthey interactwith the
electron/posiwn/photonplasmaonly via the neutronmag-
netic dipole moment. Thesecrosssectionsaresmall com-
paredto the Thomsoncrosssectionor: neutron-electron
(positron)scatteringrasey,, ~ 10~7or; andneutron-photon
scatteringhaso,,, ~ 10~ 2or.

However, thereallimit ontheefficagy of this mechanisnis
the stronginteractionneutron-protorscatteringwhich will
dominatethe enegy transferprocesswhen corversionof
neutronsto protonsis incomplete. Therefore,the degree
to which the baryonloading burdencan be lifted in our
proposednechanisnwill dependon the neutronexcessin
thefireball ervironment.Herewe will measureheneutron
contentof the plasmain termsof the electronfraction Y,
the net numberof electrons(n, — n.+) perbaryon,or in
termsof the neutron-to-protomatio Y, = 1/(n/p + 1).

FIG. 1: TheDynamicFireballNeutronDistribution

Theneutrondistribution function f(vv) (normalizedsothat [ fd(yv) = 1) atseveral
time slices. Thedifferenttime slicescorrespondo a plasmayv of 1,1.5,2,2.5,3, as

measuredh aframecomaving with the plasmanearthe decouplingpoint.

Neutron Decoupling

To go beyondthe simplistic pictureof non-interactingneu-
trons,we canconsidera two-componenf(i) neutronsand
(i) protonsé*/photons)plasmain thecontext of ahomoge-
neousfireball with initial radius,temperaturel.orentzfac-
tor, andelectronfraction, Ry, T, 7o & Yz, respectiely. Nu-
mericalandanalyticwork have shavn thefollowing simple
scalinglaws for sucha configuration8]:

o 7= (R/Ro)
For R < n(Ro/v) = {T:TO(R{;/R)
For R > n(Ro/v) = v =1.
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Neutron Coupling I nteractions
Theforcethatdragsthe neutronsalongwith the expanding
plasmaarisesprinciapallyfrom n-p collisions. Therelative
contrikution to the total force on the neutronsfrom colli-
sionswith electronsandpositronsis roughly F,,_,/ F,,_, ~
MM O/ Mphyony < 10710 (s/Y,) andis smallfor the con-
ditions we consider(s is the entropy-perbaryon). The
neutron-photoncross sectionis small enough(o,—, ~
107%[E, /(1 MeV)]? cm® where E, is the photonenepy in
theneutronrestframe)thatn-y interactionsarenegligible.
If we denoteby 7 the frequeng of neutron/protorcol-
lisions (per neutron),we expectthat the two components
of the plasmawill achiere a relative velocity given by
Urel R 2Teon/ Tayn (Tayn i thedynamicaltimescaler = 1). It
is clearthenthatwhenr,y, > 7.1 theneutronsarecoupled
to the restof the plasma. However, decouplingoccursas
thesetwo timescaleecomecomparableSincethebaryon
numberdensityin the plasmaframe decreaseas e=3/7,
decouplingwill occurquickly, i.e. on atimescaleshorter
thantyy,.

Alleviation of Baryon L oading

Once the neutronsdecouplethey will have an enegy
Yaee(1 — Y.)M. Theratio of kinetic enegy in neutronsto
thetotal enegy in thefireballis then

1/3
~13(1-Y) (YE"“’”) V)

st

efdm [Tagn

(1-Ye)

(Here*“total” enegy includesboththethermale® /v enegy
and the bulk kinetic enegy of baryons. And, ¢, is the
decouplingtime; s; is the entrogy-perbaryonin units of
10%; o9 is the neutron-protorcross-sectiorin units of 10
fm; 7_6 = Tuy/107° se€C.)

Enegy conseration gives the final Lorentz factor of the

protons
YR (1 - {7") . (3)

For example,if s; = 0.6,7; = 2 MeV (correspondingo
n ~ 100), andY,, = 0.02, thenthefinal Lorentzfactorof
theplasmaafterneutrondecoupling Egs.(2), (3)) would be
~ & 1500, which is 15 timeslarger thanthe standarccase
of v = n. As anotherexample,considerthe Ref.[9] values
of 7_¢ = 27 andY, = 0.1 andsupposehat 7, = 10 MeV
ands; = 2.5 (correspondindo i = 2000). In this casewe
find v = 1.1 x 10%, anincreaseby a factorof 5.7. Clearly,
theimportanceof this effectdepend®nhow low Y, canbe.

Neutron Abundance & the Weak Interaction
Many proposed5RB centralenginesnvolve neutrinoheat-
ing or aresitedin ervironmentssubjectto intenseneutrino
fluxes. Generaldiscussion®f the relation betweenneu-
trino processeandthe dynamicsof outflov may be found
in Refs. [9, 10, 11, 12]. However, the detailsof neutron
decouplingareinsensitve to how Y, is setandwe arenot
arguingfor aspecificGRB site.

The processesvhich have a significanteffect on Y, in the
fireballervironmentareleptoncapture/decainvolving free
nucleonsandinelasticnn — npr scattering'chagedpion-
nucleonbremsstrahlung),

Ve+n<=p+e 4)
7e+p=n+e" (5)

n—pte +7 (6)

n+n—n+p+m . ()]

In general Y, is setby the competitionbetweerthe above

processef].

In ervironmentswhere neutrino heatingis importantthe
forward reactions(4) and (5) candominatein settingthe
electronfraction [4]. Consideringthe neutrinoluminosity
from collapsingstellarstructurespnecanshaw in general,
low Y, is likely [1], andis consistenwith the findingsin

Ref. [9] in which a hard 7, spectrumfrom a collapsing
neutronstarleadsto an electronfractionin the fireball of

Y, ~0.1.

Proton Dispersion
FiG. 2: Evolution of LorentzFactor
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Evolution of proton Lorentzfactorin a steadystaterelatiistic wind, for different
casef electronfraction, Y,. The dot dasheds for whenall baryonsare assumed
coupledto the plasma;the dashedine is for the casewhen neutronsare described
by a distribution function and are allowed to decouplewhile protonsare assumed
“frozen” into the plasma;andthe solid line the casewhenneutronsandprotonsboth
allowedto decouple.

A large dispersionin proton velocitiescan arisein GRB
fireballsin which neutrondecouplingoccurs.Simplephys-
ical agumentsand transportcalculationsindicatethat the
dispersionin Lorentz factor of the protonscan be of or-
der the final meanLorentz factor of the fireball. Hence,
this may provide the dispersionin proton Lorentz fac-
tors neededto give rise to the obsened ~-ray emission,
without recourseto multiple fireballsfrom the centralen-
gine [2]. Theremay be interestingconsequencefor the
electromagneti@and neutrino signatureof GRBs as well
[3]. Futurelarge volume high-enegy neutrino detectors
(AMANDA/ICECUBE) will beableto provide neutrino
dataon GRBs[13].
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