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PHYSICAL REVIEW D, VOLUME 64, 063002

New connection between central engine weak physics and the dynamics
of gamma-ray burst fireballs

Jason Pruet, Kevork Abazajian, and George M. Fullér
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
(Received 8 February 2001; published 24 August 2001

We demonstrate a qualitatively new aspect of the dynamics of gamma-ray(G&Bj fireballs: the devel-
opment of a substantial dispersion in the proton component in fireballs in which neutron decoupling occurs and
is sufficiently pronounced. This effect depends sensitively on the neutron to proton ratio in the fireball,
becoming more dramatic with increasing neutron excess. Simple physical arguments and transport calculations
indicate that the dispersion in the Lorentz factor of the protons can be of the order of the final mean Lorentz
factor of the fireball. We show how plasma instabilities could play an important role in the evolution of the
fireball and how they might ultimately govern the development of such a velocity dispersion in the proton
component. The role of these instabilities in setting or diminishing a proton Lorentz factor dispersion repre-
sents a new and potentially important venue for the study of plasma instabilities. Significant dispersion in the
proton velocities translates infewer protons attaining the highest Lorentz factors. This is tantamount to a
reduction in the total energy required to attain a given Lorentz factor for the highest energy protons. As well,
a velocity dispersion in the proton component can have consequences for the electromagnetic and neutrino
signature of GRB’s.

DOI: 10.1103/PhysRevD.64.063002 PACS nuni§er98.70.Rz, 14.60.Pq

[. INTRODUCTION baryon-dilute plasmas, until the plasma becomes optically
thin to photons[8]. Following the acceleration phase, a
We show that a simple, yet previously overlooked,coasting phase ensues. In the coasting phase, the baryons are
mechanism may give rise to a substantial velocity dispersio@ssumed thermal with typically low temperatures,
in the proton component of gamma-ray bu(@RB) fire-  <10"* MeV, in the plasma rest frame.
balls. Namely, in GRB fireballs in which neutron decoupling Recently it has been recognized that in sufficiently baryon
occurs, large center-of-mass energy collisions between délilute (see Sec. Il for a precise definition of thiireballs,
coupled neutrons and protons will induce a velocity diSper-heaVy neutral partlcleéne_utrgn$ can dynamically decouple
sion in the proton component. For certain fireball parameterd9—11 from the expanding™ photon proton plasma. The
the time scale for rethermalization of these protons is longef€SON is that once strong neutron-proton scatterings become

than the dynamical time scale, and so the protons will retaiﬁn?ﬁeCtiye at coupling heutrons to an accelerating’. radiation-
their acquired dispersion driven fireball, then ultimately these neutrons will have a

This has consequences for the dynamics of the firebalFmaller average Lorentz factor than the strongly Coulomb-

Since the ultrarelativistic proton shell is directly tied to Coupled protons in the fireball. There is an interesting con-
P 1S directly nection between this decoupling phenomenon and the net
gamma-ray photon productidd,2], the distribution of pro-

. . T number of electrons per baryon,
ton energies can affect the dynamics of photon emission. In

the internal shock GRB model the-ray photons are pro- Ne-— Ng+ 1
duced through internal multiple-shock collisions involving Ye=— (= npT1’ (1)
the protons. The efficiency for the conversion of shock ki- b
netic energy to photon energy, increases with increasing relavhereY, is the electron fractiom,+ andn,- are the num-
tive shock velocitieg1,4]. In addition, the energetic proton ber densities of positrons and electrons respectively, rand
shock produces particle cascades leading to multi-TeV newendp are the number densities of neutrons and protons. The
trino emission[5—7]. Therefore, both photon and neutrino connection is that when conditions near the fireball source
radiation may be affected by the process discussed here. lead to a lowY, in the outflow, substantial differences be-
More basically, the process we discuss here representst@&een the final neutron and proton Lorentz factors are pos-
new aspect of our understanding of the evolution of homosible [11]. We will demonstrate a second connection: when
geneous relativistic fireballs. The standard picture holds thahe electron fraction in the fireball is low, high energy colli-
a thermal plasma undergoes an initial acceleration phasejons between decoupled neutrons and protons induce a ve-
lasting until the energy in relativistic particles is transferredlocity dispersion in the protons and that these “hot protons”
to the kinetic energy of protons, or, in the case of extremelyare not rethermalized. The sensitivity of this effectvtpin
the fireball is interesting because, in analogy to type Il su-
pernovae, the electron fraction may mirror weak physics in

*Electronic address: jpruet@physics.ucsd.edu the central engingll,12. We note that fireballs are not the
"Electronic address: kabazajian@ucsd.edu only proposed mechanism for generating GRB’s. Other mod-
*Electronic address: gfuller@ucsd.edu els involving electromagnetic acceleration of a relatively
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cold plasmale.g., Ref[3]) have also been proposed. Impli- where o+ is the Thomson cross section. To an excellent ap-
cations of neutron decoupling for these possibilities have noproximation, then, the neutron-proton collision timesdale
been worked out and our work does not apply to them.  measured in a frame comoving with the accelerating plasma
in terms of the co-moving proton number densityin the
II. NEUTRON DECOUPLING plasma rest frame, is
IN RELATIVISTIC FIREBALLS

. . . 7'¢:7o|1|: NpTnpUrel s (5
The essential features of the physics of baryon flow in

relativistic fireballs are obtained by considering a two com-wherev ., is the relative neutron proton velocity. Apart from
ponent[(i) e= photon proton andii) neutrorj homogeneous small corrections stemming from inelastic nucleon-nucleon
fireball with initial radius, temperature, and electron fractionscatterings, entropy is conserved throughout the acceleration
Ry, To, andYy, respectively. It is useful, in analogy with the of the fireball. This implies

discussion of winds from supernovae, to couch our analysis . 5

in terms of the entropy per baryon in the fireball. In terms of Teoli® Np= TooceXp( — 3t/ 7gyn) (6)

the above quantities the entropy per baryon in units 6kJ0

is except for the brief period when the electron positron pairs

annihilate and transfer their entropy to the photons.
s5~1.250< 10 279(1 MeV/Ty). ) Decoupling occurs if the dynamic and collision time

scales become comparable before the end of the acceleration
Here n=E;/M is the ratio of total energy to baryon rest phase of the fireball’s evolution. Noting that the proton num-
mass in the fireball. The entropy is also a useful quantityer density isn,~107"TyeySs Ye cm 3, with Tyey the
because, apart from small corrections stemming from inelagemperature in units of MeV, noting also that the temperature
tic nucleon-nucleon scatterings, it is conserved throughouat the end of the acceleration phase of the fireball's evolution
the evolution of the fireball. A central issue for GRB’s is the is given approximately byl,/%, and substituting into Eq.
“baryon loading problem,” the statement that must be (5), leads us to the condition for neutron decoupling to occur:
large in order to get the fireball moving with a high Lorentz

factor. 0.02 sg
For relativistic fireballs > a few), numerical and ana- TSYe(UreIO'lO)dec>1. @
lytic work shows that, to first approximation, the fireball
evolves ag13,14 Here 75 is the dynamic time scale in units of 19 s, and
(vrel010) deciS the product of the relative velocity and neutron
y=(To/T)=RIRy for y<pn, (3)  proton cross section in units of 10 fmat the decoupling
point. The precise  at which this latter quantity should be
y=n for R>79R,. (4)  evaluated, is unclear from our simple argument. This is not

i , . crucial because the produgt, oo only varies by a factor of
Here y is the Lorentz factor of the fireball. These relations g f.om unity asv . increases from 10° to near 1. The final

follow from entropy and energy conservation and are Vio-| grentz factor of the Neutrons,, s Can be estimated by

lated at the beginning and end of the fireball’s evolutisee ,ging Eq.(6) to find the temperature at the decoupling point,
below). Equation(3) is derived by writing down the hydro- .4 using the scalings in E¢®) to evaluatey at the decou-

dynamic equations governing the adiabatic expansion of Bling point,

high entropy gas and taking the limit where the ratio of total

energy in baryons to energy in relativistic light particles is (0 re1010) decT o meyYeTs | M2

small. Equation(4) is obtained by noting that the accelera- Yn,final~ 22 — : (8)
tion of the fireball saturates when the kinetic energy in bary- °

ons is equal to the initialprincipally thermal energy in the Following decoupling, the protoe® photon plasma be-

fireball. In terms of the timé as measured by an observer gins to accelerate away from the neutrons. This is because,
co-moving with the plasma,/the Lorentz factor and temperaghen Eq.(7) is satisfied, neutron decoupling occurs while
ture evolve asy=(To/T)=e""on. Here 7qy,=Ro character-  photon pressure is still accelerating the fireball. If E2).is

izes the fireball source size and is the dynamic time scale fofot satisfied, then decoupling occurs after the acceleration
the expansion of the fireball as measured in a frame cophase and the protons and neutrons will coast together until
moving with the accelerating plasm@Ve adopt units where  the protons are slowed by interactions with the interstellar
the speed of light is unity.Observations of time variability medium (Ref. [15]). Energy conservation gives an estimate

in GRB's give the constrainty,,<10~° s, while the small-  of the final mean Lorentz factor of the protons,
est proposed GRB sources are solar mass scale compact ob-

jects with 74, =107° s. . v Y
Particles in the plasma suffer a four-acceleration with  (¥p.finad~Ye | 7~ ¥n/final 1~ Ye™ €
. 1 n Vn,final
magnitudedy/dR~R; ~. Neutrons have such a small mag-
netic dipole moment that they are essentially only coupled to  The terme(E, /m,) (v, /vn fina) iS pPresent to account for
the accelerating plasma via strong scatterings with protonsnergy lost to neutrinos arising from the decay of pions cre-
(near the decoupling point,~0.1o1~10"0pe~10"c,,)  ated in inelastic nucleon-nucleon collisions. Heng is the

.9
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nucleon masse is the number of pions created per baryon A. Collisional rethermalization mechanisms

(at most of order unity E, is the average center of mass  There gre two energy loss mechanisms for protons with a
energy lost to neutrinos per pion decay, ands the average  ye|ocity relative to the background plasma. The first is

Lorentz factor of created pions. For pions creatediinp  proton-electron scattering. Bethe’s formyla7] gives this
collisions, the branching ratio for charged pion production,ste as

below the two pion threshold, is roughly 1/2, ari,

~50 MeV. dE 18 e[ [2y%0*
The nuclear physics of pion production is well under- | gp) ~(7-6X10 GeVsH)—=/in Ne +74.1.
stood. However, as it is difficult to estimate the Lorentz fac- pe (12)

tor of the protons when the “average pion” is created, it is
complicated to analytically estimatg,.. As most inelastic

nucleon-nucleon collisions occur near the decoupling pointHeren, is the electron number density in units of ¢ and
Y IS presumably of ordeyy, ina. IN the numerical examples ;, and y refer to the velocity and Lorentz factors, respec-
we present below, neutrino energy loss is estimated and i@vely, of the proton relative to the plasma.
found to be small enough so as not to alter the qualitative The relations derived abovdEq. (7)] imply that
picture presented here. neutron decoupling occurs at a temperatuf@ecoupie
~Tp[S5/(Vrel010) decYeTs] ™S, with Tp=0.005 MeV. This
clearly implies that neutron decoupling occurs agér an-
lIl. NEUTRON INDUCED PROTON HEATING nihilation. Noting that the ionization electron number density
IN' RELATIVISTIC FIREBALLS is Ng~ 107" T35 1Y cm 2, and noting that typical kinetic

Subsequent to neutron decoupling, protons will undergéanergies of protons relative to the plasma are _of the o_rder of
collisions with decoupled neutrons. The first requirement for® 'eW GeV, we see from E@l1) that the thermalization time

the presence of a “hot{velocity-dispersedproton compo- scaleis via pro;on electron  scattering  iSinerm,~8
nent is that some of these collisions are high-energy colliX 107 s(Tp/T) ss/Ye. ) o
sions. If in the lab frame a proton and neutron have Lorentz Reference10] made the observation that a pion-induced
factors y, and y,, respectively, then the Lorentz factefy electroma_lgnetlc cascade may Iead_ to an increase in the num-
of the neutron, as seen by the proton, is ber densﬂy qf electrons and positrons in the fireball. The
greatest this increase could be occurs when all of the pion
mass (minus neutrino lossgsgoes intoe*/e” pairs and
1y, , when, in addition, the processes creati@ye  pairs are
Vel = 5 7[1+(yn/yp) 1. (10 sufficiently rapid that they come into equilibrium with elec-
n tron or positron pair annihilation.
By considering this limiting case, one finds that a pion-

. L induced electromagnetic cascade can delay the onset of a
A high energy neutron-proton collision implies, therefore, . . )
dispersion in the proton componefite., make Tiem, e T

that ( vp finad/ ¥n,ina™ @ few. This condition is intended only _T, 14)< 4. ] only for extremely small electron frac-
ecoup y

as a rough guide for the fireball parameters needed to drive L
the proton component hot. tions, Y,<0.01. (The number 4 appearing in parentheses

For reasonable fireball parameters it is difficult to attainzglrl(ies%rrlls?ss Lfgjégqtzlrg]r?\/;hzt arlc‘;’}[ggne giinfr;gnm;rfj iznz;gy
substantiak yp fina)/ ¥ final, UNIESSYe<0.5. It has been ar- lained in more detail beIO\)v'IE)herefore pa ion induced
gued that a low electron fraction will naturally be obtained inglectroma netic cascade has iittle or no,leveF;a e in delavin
many of the proposed GRB environmefid]. In addition, g . o 9 ying
: . v the development of a dispersion in the protons for the mod-
in calculations of GRB's arising from neutron star METYEIS,o rately low electron fractions that we expect in condensed
Y.~0.1 has been estimat¢d5]. It is not clear if such low y P

; : ) object environments.
electron fractions are also obtained, for example, in the col

| del for GRB I . This is b " The second energy loss mechanism for protons arises be-
apsar model for central enginEg]. This is because .55 when the protons acquire a dispersion, the electrons

the role of weak processéi® particular,v, andv, captures  must rearrange themselves in order to preserve charge neu-
in collapsar dynamics has yet to be worked out in detail. trality. This rearrangement, on its own, has a negligible effect

Protons undergoing collisions with neutrons will lose en-on the proton dispersion because of the smallness of the ratio
ergy to the background photons and electrons. Whether asf the electron to proton mass. However, Compton scattering
not these protons rethermalize with the plasma depends dollowing this rearrangement can be a source of energy loss
their thermalization time scaley,. The protons will re- for the protons. In other words, runaway protons may be
main “cool” (i.e., well coupled and thermalif 7y,  viewed as being tightly paired with electrons via the Cou-
<7gyn(=7con), Where the last inequality holds near and afterlomb force, and the proton loses energy not only at the rate
decoupling. If the opposite case holdg,e 7ayn, the pro-  given in Eq.(11), but in addition, at the rate at which the
tons could keep the velocity dispersion they acquire througlkelectron to which it is coupled loses energy to the back-
collisions with neutrongi.e., become hot ground photons via Thomson or Compton drag
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20.0 T T T T

dE
dt

T 4
) ~o7U,~(10° GeV s—l)(T—) , (12
pey b
16.0 |- 8

with U, the photon energy density, giving the time scale for
thermalization  via  this  process  as Tiem,py
~10® s(T/T)*. Note that the inverse Compton scattering o
of protons is not important because at the temperatures ne&= IR
the neutron decoupling point the photon-proton scattering> T

i i : 8.0 AT mmmmm e m e
cross section is smaller than the electron photon scattering ™ [ .°~ ___..----""""""7 .
cross section by a factor ofr(,/m,)?~10"7, with m, and R
m, the neutron and proton mass, respectively.

If magnetic fields are present, either because they were
present in the central engine and advected out with the fire-
ball, or because they are generated via plasma instabilitie: . .
(see Sec. I, then electrons may also lose energy to syn- 9.0 9.2 9.4 9.6 9.8 10.0
chrotron emission. As with Compton scattering, the proton Logr (cm)
synchrotron losses are smaller than electron synchrotron
losses by a factor ofrﬁe/mp)2~10*7 and are unimportant.

12.0 | b

FIG. 1. lllustration of the evolution of a Lorentz factor of a test

h ion for th h | is simil h roton in a background plasma. The solid line is for the Lorentz
The expression for the synchrotron loss rate is similar to t actor of the background plasma and the dashed lines are for the

expression for the loss rate due to Thomson dEg (12)], | grentz factors of the test protons. Different dashed lines corre-
but with the magnetic field energy densltlg replacing the  gpong to different values Ofinerm! Tayn (i-€., to different plasma

photon energy density . Therefore, unless the magnetic temperaturesat 1¢ cm. The appropriate values 6f e/ 74y, are
field energy density is comparable to the photon energy dengiven next to the curves.

sity, synchrotron losses are unimportant. Note that the photon
energy density dominates over the proton rest mass energy B. Collisionless considerations
density until the Lorentz factor of the fireball has nearly at-

:@'Efd {;‘S tﬁlsyr?ptotlc_valll_Je. tliqltleartltlo? Off ':Se magneticy, proton energy loss via electron Compton scattering, there
1eld wi € plasma Implies that magnetic T€id Préssure 15,6 other collisionless processes that may affect the dynamics

as important in driving the firet_)all_expansion as photon PréSas the protons. Indeed, the proton and electron plasma fre-
sure. For such large magnetic field strengths the Standartﬁ{lencies, which generically govern the time scale for the

analysis for the fireball evolution, which is based on the as'development of plasma instabilities, are comparable to or

sumption that photons and electrons positrons dominate ﬂ'ﬁrger than the collision frequencies after decoupling. This

r:)rse;esgriﬁ,V\(/jk?;sfor:I%twrs]OId. We therefore neglect synchrotrctlg seen by noting that the proton and electron plasma

T L frequencies ¢, and , respectively are given b
The total thermalization time scale is given by a 24) B Ppe pe y g y
wpi=\4mnpe’/m,=me/mywye, With e the charge of the
) . L electron. In terms of the entropy and temperature, these
Tihernt™ Ttherm. ey T Ttherm, e - (13)  plasma frequencies can be written as

In addition to the requirement of charge neutrality leading

i~ 10Ms Y55 AT/ Tp)3 1Y%~ (143 wpe. (15
A velocity dispersed proton component arises, then, if “pi [YeSs (T/To)™) "~ (149 wpe. (19

neutron decoupling occurs, and at the end of the fireball'Because the plasma frequencies can be large compared to the
acceleration phasepem> 7qyn- APplying the simple picture  collision frequency, the post decoupling proton-velocity-
given above for the evolution of the fireball, gives the secondiispersed fireball may provide a fertile and novel ground for

condition for a hot proton component: the study of plasma instabilities.
In particular, the protons may be subject to an analog of
s‘5‘>(400+ Yo rs. (14) the two-stream instability because of collisionally produced

“bumps” in the proton distribution function at the bulk
plasma and near the mean neutron component velo¢sies
In fact, the fireball is still accelerating for fireball radius Fig. 2). This instability arises in part because free energy can
values greater thamR, (Ref. [13], and see below This  be liberated by smoothing out the bumps in the distribution
implies that the temperature during the acceleration phaskinction[22].
becomes lower thaf,/» and, hence, that the condition for ~ The plasma may also be subject to velocity space
the development of a hot proton component is somewhadnisotropy-driven electromagnetic instabilities as the trans-
weaker than that given above. verse velocity freezes out during the expansion of the fire-
In Fig. 1 we illustrate the decrease in degree of thermaliball. These instabilities arise because, when a patrticle distri-
zation with increasing initiakem/ 7ayn for @ proton moving  bution function is anisotropic in velocity spa¢an extreme
relative to a background plasma and losing energy via thexample is when all the particles have momenta in only a
processes described in Eq§l) and(12). single direction free energy can be liberated by isotropizing
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distribution function, including the trend toward a smoother
distribution function resulting from plasma instabilities, is
shown in Fig. 2.

C. Dispersion in the proton component:
Analytic and numerical estimates

When neutron decoupling occurs, and is pronounced, a
rough estimate gives the dispersion in the proton Lorentz
factor as(yp fina) — ¥n,finai- (A SOMewhat more precise mea-
sure of dispersion will be given belowkFor example, con-
sider a fireball described by.=0.2 and75=2.7 and sup-
pose thatTy=3 andss=4 (implying »~1000). We find
Ynfinar~ 340 andy finar~ 3.4% 10%, implying a dispersion in
the proton component of $0which is comparable ta).

We have defined the dispersion in terms of the central

> engine rest frame. For some purposes it is more useful to
express the dispersion in terms of the mean proton rest

FIG. 2. A schematic picture of the various influences on theframe. A simple approximate measure of the dispersion in
proton Lorentz factor distribution function during the accelerationthis frame is
of the fireball. The solid line represents a collisionally produced
proton distribution function, while the dashed line represents the 1(<yp,ﬁnal)

f

tendency of instabilities to smooth the distribution as collisionless 2
processes liberate free energy. In this figure, pp and np represent
proton-proton and neutron-proton collisions, while pe ang pep-
resent the processes in Eq$1) and (12), respectively.

1/2
] ) ( 7n,finaI/< ')’p,finao +1), (16)
Vn,final

which is at most on the order of a few.

A more precise determination of the dispersion in the pro-
the distribution function. These instabilities are called “elec-tons requires a transport calculation describing the evolution
tromagnetic” because they proceed via an electromagnetiof the fireball. A simple single angular zone, hydrodynami-
(rather than an electrostatioave. Relevant for the present cally consistent, steady state relativistic wind transport cal-
work, it has been shown that magnetic trapping can saturatgulation has been performed. Neutrino energy loss is esti-
these instabilities at substantial ion anisotropi8], and  mated by assuming that, following an inelastic collision, the
that they are moderately stabilized by relativistic eﬂ:eCtSava"ab'e kinetic energy is shared equa”y between two bary_
[19,20. A detailed study of the saturation level of the proton gns and a pion. The pion energy is then assumed lost from
anisotropy in this system would be interesting because lowefe system via neutrino emission. In the calculation, protons

satyration_ levels imply less dispersion reduction due to adiaéuffering large energyy..>2) collisions with neutrons, are
batic cooling of the tranverse momenta. In the presence of 8ssumed to decouple from the plasma 7> e
er yn»

magnetic field, either generated by the central engine or cre- . .
ated through the instabilities discussed here, other instabiﬁrf]v:etrriﬁs Iesln?kergt:r?szrzesopal?dmt?)tetaelnr:cr?ﬁ% Ilrgtsn\gv:ere
ties, involving, for example, ion-cyclotron waves, may u P up P P '

operate. our calcqlatipn reduces to that_ c_ione in the pioneering study
Instabilities may play an important role in the setting of by Paczyski [24] on ultrarelativistic winds from compact
the proton distribution function. They are not expected toSOUICes. _
alter our result of a dispersion in the proton component, be- In Fig. 3 we present the results of these calculations for
cause for the closely related system of counterstreaming iofle parameters listed above;=2.7, To=3, andss=4 and
beams, they are well studied and a substantial reduction in d@r the cases wherg,=0.1,0.2,0.3, and 0.5. Resullts for dif-
initial dispersion is not seefl8,21,23. These instabilities ferent values ofY, have been presented to illustrate that the
have also been studied in the regime where collisions arlwer the electron fraction, the more pronounced the effects
important, and in this case counterstreaming ion beams takef collisions between neutrons and protons.
as expected, a few collision time scales to s[®8]. How- To illustrate the effects discussed here, we present results
ever, studies of the coupling between plasma instabilities antbr the case wheréi) protons and neutrons are assumed
the hydrodynamic evolution of the protons in the peculiarcoupled to and thermalized with the plasnia) a velocity
high photon entropy small dynamic time scale environmentdistribution function is used to describe the neutrons but the
characteristic of GRB fireballs, have apparently not beemprotons are assumed coupled to and thermalized witlethe
done, and may give interesting and unexpected results. Thghoton plasméthe agreement between the final proton Lor-
fact that plasma instabilities play a role during the acceleraentz factors in this case and the simple estimate given by Eq.
tion phase of some relativistic fireballs is quite interesting,(9) is good, and(iii) a velocity distribution function is used
because the previous picture was that collisional processds describe the neutron velocities, and protons are assumed
are sufficient to describe the early evolution in the absence db decouple from the plasma once they have undergone a
central engine-generated magnetic fields. collision with a neutron where/o>2. For part(iii) of the
A diagram illustrating the various influences on the protoncalculation, the parameter was taken to be 5. For the ex-
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FIG. 3. Evolution of proton Lorentz factor in a steady state  FIG. 4. Evolution of A y/(y, fina) With radius for the case/,
relativistic wind characterized by the parameters given in the text=0.2 and the parameters given in the text.
for different cases of electron fractiol,. The dot dashed line is
for case(i), where baryons are assumed coupled to the plasma; thentz factors between mode{s) and (iii) for the caseY,
dashed line is for cas@i), where neutron velocities are described =0.2 shown in Fig. 3.
by a velocity distribution function and where neutrons are allowed
to decouple while protons are assumed frozen into the plasma; and
the solid line is for caséii), where neutrons and protons are both IV. CONCLUSIONS
allowed to decouple. Note the change in scale between the upper

) We have pointed out and made estimates of an overlooked
and lower figures.

(and possibly generideature of the baryofneutron protop
flow in GRB fireballs: the acquisition of a large dispersion in
ample parameters we have chosen, the conditigg, the Lorentz factor of the proton component subsequent to
>57qyn is always satisfied at the stage in the fireball's evo-neutron decoupling. This represents a qualitatively new fea-
lution when y,>2 collisions occur, and so the first condi- ture of GRB fireballs because the previous picture of the
tion is somewhat superfluous here. evolution of the proton component held that the protons were
Perhaps the most striking feature of this calculation is thehermal, even when neutron decoupling occurs. A dispersion
increase in Lorentz factor of the highest energy protons a the proton component also implies that plasma instabilities
the protons acquire a dispersion. Because energy conserviray play an important role and suggests new studies of the
tion implies that the mean Lorentz factor of the protons isrole of collisionless processes during the acceleration and
unchanged between casg@s and (ii) (modulo changes in ater shocking phase of the fireball's evolution. Because the
the net energy carried by the neutrons and pions due to theffect we have described is principally sensitive to the neu-
protons acquiring a velocity dispersiothe difference in fi-  tron to proton ratio in the fireball, this work represents a new
nal Lorentz factors between cas@® and (iii) provides a connection between the central engine weak physics that sets
measure of the proton dispersion. Note that because our ca¥, and GRB fireball dynamics. Because shocks involving
culation does not allow for a proton to interact with the ex-protons are thought to give rise to the photon signal charac-
panding plasma once it has undergone a high-energy collteristic of GRB’s, a proton dispersion also has implications
sion with a neutron, and oNC&em>574yn, OUr calculation  for the details and efficiency of photon production. A direct
may somewhat overestimate the proton dispersion. In outonsequence for the charged particle dynamics of neutron
calculation we have attempted to err on the side of underestecoupling is interesting because the signal from the decay
timating the proton dispersion by assuming a stringent criteof pions, created in inelastic collisions during neutron decou-
rion for neglecting the interaction of the scattered protonpling, is expected to be weak. Detector event rates for the
with the plasma, and by assuming that, f@f<574y,, the  neutrinos from pion decay are estimated at a few per year
proton is instantly rethermalized. By contrast, our approxi-{25]. Direct evidence of neutron decoupling in a GRB event
mation would have been unreasonable if we had chosen t@ould provide information about the progenitor fireball pa-
neglect the interaction of the protons with the plasma whemameters and perhaps give a clue about the properties of the
the dynamic and expansion time scales were equal. Figure dentral engine.
shows that our approximation is reasonable: f@gm/ Tgyn
=3, the increase in th(_a Lorentz fgcto_r of a scattered prc_)tor_1 is ACKNOWLEDGMENTS
small (~20%). A precise determination of the proton distri-
bution function would require a calculation coupling the evo-  This work was partially supported by NSF Grant PHY98-
lution of plasma instabilities to the hydrodynamic outflow. 00980 at UCSD, an IGPP mini-grant at UCSD, and a NASA
In Fig. 4 we display the evolution of a measure of disper-GSRP for K.A. We are indebted to Neal Dalal, C.Y. Cardall,
sion in the proton component of the fireball ¢/ vy ina). IN' Tom O’Neil, Pat Diamond, and Dan Dubin for useful in-
this figure,A y is defined to be the difference in proton Lor- sights.
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