arXiv:astro-ph/0009144 v2 24 Sep 2000

Draft version September 24, 2000

Preprint typeset using L^ATEX style emulateapj v. 21/08/00

HOT NONTHERMAL PROTONS FROM HOMOGENEOUS RELATIVISTIC FIREBALLS

Jason Pruet, Kevork Abazajian and George M. Fuller

Department of Physics, University of California, San Diego, La Jolla, California, 92093-0319 Draft version September 24, 2000

ABSTRACT We show that a large dispersion in proton velocities is an almost inevitable consequence of neutron decoupling in relativistic Gamma-Ray Burst (GRB) fireballs. Simple physical arguments and transport calculations indicate that the dispersion in Lorentz factor of the protons can be of order the final mean Lorentz factor of the fireball. Hence, the process we discuss here may provide the dispersion in proton Lorentz factors needed to produce shocks giving rise to the observed γ-ray emission, without recourse to multiple fireballs from the central engine. There may be interesting consequences for the electromagnetic and neutrino signature of GRBs as well. Subject headings: Gamma-rays: Bursts - Neutrinos

1. introduction

In this Letter we show that a simple, yet previously overlooked, mechanism may give rise to a substantial velocity dispersion in the proton component of Gamma-Ray Burst fireballs. Namely, in GRB fireballs in which neutron decoupling occurs, large center of mass energy collisions between decoupled neutrons and protons will induce a velocity dispersion in the proton component. In general, the timescale for re-thermalization of these protons is longer than the dynamical timescale, and so the protons will retain their acquired dispersion.

This has consequences for the dynamics of the fireball. Since the ultra-relativistic proton shell is directly tied to γ-ray photon production (Paczyński & Xu 1994; Rees & Mészáros 1994; Sari & Piran 1997), the distribution of proton energy can affect the dynamics of photon emission. In the standard GRB model the γ-ray photons are produced through internal multiple-shock collisions involving the protons. In addition, the energetic proton shock produces particle cascades leading to multi-GeV neutrino emission (Waxman & Bahcall 1997; Halzen 1999; Halzen & Hooper 1999). Therefore, both photon and neutrino radiation may be affected by the process discussed here.

The standard picture of the evolution of homogeneous relativistic fireballs holds that a thermal n/p/e�/γ plasma undergoes an initial acceleration phase, lasting until the energy in relativistic particles is transferred to the kinetic energy of baryons, or, in the case of extremely baryondilute plasmas, until the plasma becomes optically thin to photons (Shemi & Piran 1990). Following the acceleration phase a coasting phase ensues. In the coasting phase the baryons are assumed thermal with typically low temperatures, T < 10�^4 MeV in the plasma rest frame.

Recently it has been recognized that in fireballs satisfying certain initial conditions the neutrons will dynamically decouple from the expanding e�/photon/proton plasma and, when conditions near the fireball source lead to a low electron fraction (Y_e = 1/((n/p) + 1)) in the outflow, substantial differences between the final neutron and proton Lorentz factors are possible (Fuller, Pruet & Abazajian 2000; Derishev, Kocharovsky, & Kocharovsky 1999). The reason is that the particles in a relativistic fireball suffer a fantastic acceleration as the fireball expands. Because the neutrons interact essentially only through strong interactions with protons they will eventually decouple from the rest of the plasma. If this decoupling occurs while the fireball is still expanding, interesting effects are possible. In particular, we will show that high energy collisions between decoupled neutrons and protons induces a velocity dispersion in the protons. In general these “hot protons” are not re-thermalized. (An incorrect previous analysis (Derishev, Kocharovsky, & Kocharovsky 1999), led to the conclusion that the protons would remain thermalized, i.e. “cold”).

2. neutron induced proton heating in relativistic fireballs

The essential features of the physics of baryon flow in relativistic fireballs are obtained by considering a two component (i) e�/photon/proton and (ii) neutron homogeneous fireball with initial (i.e., when the fireball is at rest) radius, temperature, and electron fraction R_0, T_0, and Y_{e0} respectively. In terms of these quantities s_5 = 1.250 × 10�^2 η(1 MeV/T_0) where s_5 is the entropy per baryon in units of 10^5k_b, η = E/M with E the total energy in the fireball and M the baryonic rest mass in the fireball. For relativistic fireballs (η > a few) numerical and analytic work show that to first approximation the fireball evolves as γ = (T_0/T ) = R/R_0 for γ < η and γ = η for R > ηR_0 (Kobayashi, Piran & Sari 1999; Piran, Shemi, & Narayan 1993). Here γ is the Lorentz factor of the fireball. These relations follow from entropy and energy conservation and are violated at the beginning and end of the fireball’s evolution (see below). In terms of the time t as measured by an observer comoving with the plasma, the Lorentz factor and temperature evolve as γ = (T_0/T ) = e^{t/τdyn} . Here τ_{dyn} = R_0 characterizes the fireball source size. Throughout the paper we adopt units where the speed of light is unity. Observations of time variability in GRBs give the rather weak constraint τ_{dyn} < 10�^3 s, while the smallest proposed GRB sources are solar mass scale compact objects with τ_{dyn} ≥ 10�^5 s.

The increase of γ with R implies that particles in the 1 plasma suffer a 4-acceleration a^μ with magnitude a = √ a^μa_μ = dγ/dR = R�^1_0 . Neutrons have such a small magnetic dipole moment that they are essentially only coupled to the accelerating plasma via strong scatterings with protons (σ_{np} ∼ σ_T ∼ 10^7σ_{ne} ∼ 10^{12}σ_{nγ}) where σ_T is the Thomson cross section. To an excellent approximation, then, the neutron-proton collision timescale in terms of the comoving proton number density n_p in the plasma rest frame is τ �^1_{coll} = n_pσ_{np}v_{rel}, where v_{rel} is the relative neutron proton velocity. Apart from small corrections stemming from inelastic nucleon-nucleon scatterings entropy is conserved throughout the acceleration of the fireball. This implies that τ �^1_{coll} ∝ n_p ∝ T^3 ∝ exp −3t/τ_{dyn} except for the brief period when the electron/positron pairs annihilate and transfer their entropy to the photons.

Adopting the picture that the plasma accelerates away from the neutrons until scattering occurs after a time τ_{coll} we see that the protons and neutrons achieve a relative velocity v_{rel} = 2τ_{coll}/τ_{dyn}. Decoupling occurs if the two timescales become comparable before the end of the acceleration phase of the fireball’s evolution. Taking for example the condition that v_{rel} = 0.5, neutron decoupling occurs in fireballs with 0.02 s^4_5

τ�5Ye(vrelσ10)dec^{> 1. (1)}

In the above τ�_5 is the dynamic timescale in units of

10�5_{s, and (vrelσ10)dec is the product of the relative ve-}

locity and neutron/proton cross section in units of 10 fm^2. The precise v_{rel} at which this latter quantity should be evaluated is unclear from our simple argument, but this is not crucial because (v_{rel}σ_{10}) only varies by a factor of approximately 5 from unity as v_{rel} increases from 0 to 1. The final Lorentz factor of the neutrons is estimated by evaluating γ at the decoupling point, giving

γ_{final,n} ≈ 220 ( (v_{rel}σ_{10})_{dec}T^3_{0,MeV}Y_eτ�_5 s_5 )_{1/3} . (2)

After the decoupling point the proton/e�/photon plasma begins to accelerate away from the neutrons. Energy conservation gives an estimate of the final mean Lorentz factor of the protons,

γ̄_{final,p} ≈ η Y_e ( 1 − 3(1 − Y_e) ( (v_{rel}σ_{10})_{dec}Y_eτ�_5

s^4_5 )_{1/3})

(3) The protons subsequently will undergo high center of mass energy collisions with the decoupled neutrons. Whether or not these protons re-thermalize with the plasma depends on the thermalization timescale τ_{therm} at decoupling for a proton with some characteristic energy relative to the plasma. The protons will remain cool and well coupled if τ_{therm} < τ_{dyn} (≤ τ_{np}), where the last inequality holds near and after decoupling. If the opposite case holds, τ_{therm} > τ_{dyn} , the protons will keep the velocity dispersion they acquire through collisions with neutrons. An estimate of τ_{therm} is obtained from Bethe’s formula (Bethe 1930) for the energy loss of a relativistic proton in an electronic plasma: dE dt ≈ 7.6 × 10�^{18} v (GeV s�^1)n_e ( ln(2γ^2v^4) − ln(n_e) + 74.1 ) (4)

Here n_e is the electron number density in units of cm�^3 and v, γ refer to the velocity and Lorentz factor of the proton relative to the plasma.

Eq. (4) is put in a more revealing form by noting that the relations derived above imply that decoupling occurs at a temperature

T_{decouple} ≈ 0.005 ( s_5 (v_{rel}σ_{10})_{dec}Y_e )_{1/3} MeV, (5)

i.e., after e� annihilation. Noting that the electron number density after pair annihilation is n_e ∼ 10^{27}T^3_{MeV}s�^1_5 Y_ecm�^3 and that typical kinetic energies of protons relative to the plasma are of the order of a few GeV, the thermalization timescale is

τ_{therm} ≈ 10�^5 s ( 0.01 MeV T )_3 s_5/Y_e (6)

and protons will be left with a hot component if the thermalization timescale at the end of decoupling is larger than the dynamic timescale.

In addition to the requirement that neutron decoupling occurs, there are two conditions for obtaining a proton component with a large dispersion in velocities (a “hot” proton component). Applying the simple picture given above and requiring that τ_{therm} < τ_{dyn} at the end of the acceleration phase of the fireball’s evolution gives the first condition for a hot proton component:

s^4_5Y �^1_e > τ�_5. (7)

The second requirement for the presence of a hot proton component is that protons must undergo high energy collisions with neutrons. Note that if in the lab frame a proton and neutron have Lorentz factors γ_p and γ_n respectively, then the γ of the neutron as seen by the proton is γ_{rel} = (0.5γ_p/γ_n)(1 + (γ_n/γ_p)^2). Introducing the requirement that a high energy (say γ_{rel} = 2) neutron is needed to knock a proton out of equilibrium with the plasma yields the second condition for a hot proton component: γ̄_{final,p} γ_{final,n} ≥ 4. (8)

The number 4. appearing on the right hand side of Eqn. (8) is somewhat arbitrary and is intended only as a rough guide for the fireball parameters needed to drive the proton component hot. For reasonable fireball parameters it is difficult to satisfy Eq. (8) unless Y_e < 0.5. It has been argued that a low electron fraction will naturally be obtained in many of the proposed GRB environments (Fuller, Pruet & Abazajian 2000). In addition, in calculations of GRBs arising from neutron star mergers electron fraction of 0.1 have been estimated Salmonson, Wilson, and Mathews (1999).

When Eqs. (1),(7) & (8) are satisfied, a rough estimate of the dispersion in the proton component can be obtained:

dispersion ∼ γ̄_{final,p} − γ_{final,n}. (9)

(A somewhat more accurate measure of dispersion will be given below.) For example, consider a fireball described by Y_e = 0.2, τ�_5 = 2.7 and suppose that T_0 = 3 and s_5 = 4 (corresponding to η ∼ 1000) We find γ_{final,n} ∼ 340 and γ_{final,p} ∼ 3.4 × 10^3 implying a dispersion in the proton component of 10^3 ∼ η.

Fig. 1.— Evolution of proton Lorentz factor in a steady state relativistic wind characterized by the parameters given in the text, for different cases of electron fraction, Ye. The dot dashed is for case (i) baryons are assumed coupled to the plasma; the dashed line is for case (ii) neutrons are described by a distribution function and are allowed to decouple while protons are assumed frozen into the plasma; and the solid line is for case (iii) neutrons and protons both allowed to decouple. Note the change in scale between the upper and lower figures.

A more accurate determination of the dispersion in the protons requires a transport calculation describing the evolution of the fireball. A simple one angular zone, hydrodynamically consistent, steady state relativistic wind transport calculation has been performed. It includes energy and momentum loss to pions created in inelastic collisions. In the calculation protons suffering large energy (γ_{rel} > 2) collisions with neutrons are assumed to decouple from the plasma if τ_{therm} > ατ_{dyn}, where α is taken as a free parameter. In the limit where neutrons and protons are coupled to the photon/e� plasma this calculation reduces to that done in the pioneering study by Paczyński (1990) on ultra-relativistic winds from compact sources.

In Fig. 1 we present the results of a calculation for the parameters listed above: τ�_5 = 2.7, T_0 = 3, s_5 = 4 and for the cases where Y_e = 0.1, 0.2, 0.3, and 0.5. Results for different values of Y_e have been presented to illustrate that the lower the electron fraction, the more pronounced the effects of collisions between neutrons and protons.

To illustrate the effects presented here we present results for the case where (i) protons and neutrons are assumed coupled to and thermalized with the plasma; (ii) a distribution function is used to describe the neutrons but the protons are assumed coupled to and thermalized with the e�/photon plasma; and (iii) a distribution function is used to describe the neutrons, and protons are assumed to decouple from the plasma once they have undergone a collision with a neutron where γ_{rel} > 2. For part (iii) of the calculation, the parameter α was taken to be 5.

Note that the fireball is still accelerating substantially past R = ηR_0 (Kobayashi, Piran & Sari 1999). This implies that the temperature during the acceleration phase becomes lower than T_0/η and, hence, that the condition for the protons to become “hot” is somewhat weaker than that given in Eq.(7).

Perhaps the most striking feature of this calculation is to make clear the fact that a dispersion in the Lorentz factor of the protons implies that the highest energy protons have a Lorentz factor higher than the mean final Lorentz factor of the protons (Eq. 3). Because energy conservation implies that the mean Lorentz factor of the protons is unchanged between cases (ii) and (iii) (modulo changes in the net energy carried by the neutrons and pions due to the protons acquiring a velocity dispersion) the difference in final Lorentz factors between cases (ii) and (iii) provides a measure of the proton dispersion. Note that because our calculation does not allow for the proton to interact with the expanding plasma once it has undergone a high energy collision with a neutron and once τ_{therm} > 5τ_{dyn} our calculation may somewhat overestimates the proton dispersion.

In Fig. 2 we display the evolution of a measure of dispersion in the proton component of the fireball (Δγ/γ_{final,p}). In this figure Δγ is defined to be the difference in proton Lorentz factors between models (ii) and (iii) for the case Y_e = 0.2 shown in Fig. 1.

3. conclusions

We have pointed out and made estimates of an overlooked (and possibly generic) feature of the baryon (neutron/proton) flow in GRB fireballs: the acquisition of a large dispersion in Lorentz factor of the proton component. Because shocks involving protons are thought to give rise to the photon signal characteristic of GRBs, this may have readily observable consequences. By contrast, the signal

Fig. 2.— Evolution of Δγ/γ_{final},p with radius for the case Ye = 0.2 and the parameters given in the text.

from the decay of pions created in inelastic collisions during neutron decoupling is expected to be weak. Detector event rates for the neutrinos from pion decay are estimated at a few per year, and the photon signal is expected to be somewhat more difficult to detect. It is not clear whether or not the proton velocity dispersion we have discussed here might obviate the need for the multiple shell picture of GRB fireballs invoked to produce internal shocks.

This work was partially supported by NSF Grant PHY98-00980 at UCSD, an IGPP mini-grant at UCSD, and a NASA GSRP for KA. We would like to acknowledge useful discussions with Neal Dalal.

REFERENCES

Bahcall, J.N. & Meszaros, P. 2000 Phys. Rev. Lett., in press Bethe, H. 1930, in Segre, E., ed., 1953, Experimental Nuclear

Physics, Vol. 1, (New York: Wiley) Derishev, E. V., Kocharovsky, V. V. & Kocharovsky, Vl. V. 1999

ApJ521 640 Fuller, G. M., Pruet, J. & Abazajian, K. 2000, Phys. Rev. Lett., in

press Halzen, F. 1999, in Proc. TASI 98, Neutrinos in Physics and

Astrophysics: From 10�33 to 10+28 cm, ed. P. Langacker (Singapore: World Scientific), in press (astro-ph/9810368) Halzen, F. & Hooper, D. W. 1999, ApJ, 527, L93

Kobayashi, S., Piran, T. & Sari, R. 1999, ApJ, 513, 669 Paczyński, B. 1990, ApJ, 363, 218 Paczyński, B. & Xu, G. 1994, ApJ, 427, 708 Piran, T. 1999, Phys. Rept., 314, 575 Piran, T., Shemi, A. & Narayan, R. 1993, MNRAS, 63, 861 Rees, M. J. & Mészáros, P. 1994, ApJ, 430, L93 Salmonson, J.D., Wilson, J.R., & Mathews, G.J. submitted to ApJ, astro-ph/0002312 Sari, R. & Piran, R. 1996, MNRAS, 287, 110 Shemi, A. & Prian, T. 1990, ApJ, 365, L55 Waxman, E., & Bahcall, J. N. 1997, Phys. Rev. Lett., 78, 2292