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Jet Precession in SGRBs: a 
Discriminant Between NS-NS and 

BH-NS Mergers 



Compact Object Mergers 

  Increasing observational 
evidence of compact object 
merger progenitors for 
SGRBs 

  Open question: BH-NS or 
NS-NS? 
  Relative rates uncertain 

  BH-NS rates very interesting 
  ALIGO rate informs binary 

evolution, stellar dynamics 
  SGRB/ALIGO rate ratio informs 

NS radii, BH spin distributions 

(Wikimedia) 



Compact Object Mergers: Differences 

  Dynamical ejecta (Piran+13) 
  NS-NS ~0.01 M#

  BH-NS ~0.05 M 

  Supramassive NS (Özel+10) 

  GW signal (e.g. Rosswog+13) 
  Offset distribution (natal 

kicks) 
  Statistical/hypothetical probe 

(Belczynski+ 06) 

  Our proposal: jet precession 

10 S. Rosswog, et al.

0 2 4 6 8 10 12 14 16 18 20
t [ms]

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

d 
h +

ns13, ns14, merger, no spins
ns13, ns14, merger, corot.

0 2 4 6 8 10 12 14 16 18 20 22
t [ms]

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

d 
h +

ns13, ns14, β= 1
ns13, ns14, β= 2
ns13, ns14, β= 5

0 20 40 60 80 100 120 140
t [ms]

-1.25

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

1.25

d 
h +

ns14,   bh5, β=1 
ns14, bh10, β= 1

0 10 20 30 40 50 60 70 80 90 100
t [ms]

-1.75

-1.5

-1.25

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

1.25

1.5

1.75

d 
h +

ns13,   bh3, β= 1
ns13,   bh5, β= 1
ns13, bh10, β= 1

Figure 6. Gravitational wave amplitudes h+ (times distance to source; code units = 1.5 km). The upper two panels show neutron
star neutron star encounters (mergers left, collisions right), the lower two panels show neutron star black hole encounters (mergers left,
collisions right).

increase smoothly and peak about 6 ms after contact (at
t ⇡ 7.7 ms) with a total of 1.3⇥ 1053 erg/s, see upper panel
of Fig. 7. The tidally locked case, run G, produces similar
results, but due to the larger disk mass, see Tab. 2, slightly
higher luminosities. Since the debris is extremely neutron-
rich, the neutrino luminosities are dominated by electron
anti-neutrinos, followed in importance by electron neutri-
nos and heavy lepton neutrinos (collectively referred to as
“⌫

X

”), consistent with earlier findings (Ru↵ert et al. 1997;
Rosswog & Liebendörfer 2003). In a recent 2D neutrino-
hydrodynamics calculation starting from the matter distri-
bution that resulted from a 3D simulation (Price & Rosswog
2006) Dessart et al. (2009) found that our leakage scheme
underestimates the heavy lepton neutrino emission, since it
does not account for the nucleon-nucleon bremsstrahlung
process. Therefore our heavy lepton neutrino emission re-
sults are robust lower limits on the true luminosities. In all
cases apart from run F we find the following hierarchy in

the mean neutrino energies: hE
⌫

X

i > hE
⌫̄

e

i > hE
⌫

e

i. The
heavy lepton neutrinos are predominantly produced in hot,
very dense regions and in the exceptional case, run F, the
densities have already dropped substantially below nuclear
matter density (⇢max < 1010 gcm�3) at the end of the simu-
lation when the mean neutrino energies (as given in Tab. 3)
are measured.
Even the most gentle ns2 collision with � = 1, run A,
produces a neutrino luminosity that is approximately three
times larger than the standard double neutron star merger
case (run H). The merger neutrino lightcurves are rather
smooth, the collision cases, in contrast, show a much larger
variability with luminosity changes of up to a factor of two
on the dynamical time scale of the central object, ⇡ 1 ms,
see Fig. 7 middle panel. The more central collisions, run B
and C, produce neutrino luminosities of about an order of
magnitude larger than the reference case, see Tab. 3.
As discussed earlier, we find long-lived, episodic mass trans-

c� 2012 RAS, MNRAS 000, 1–23

(Rosswog+13) 



Tilted Disks 

  Kerr metric => frame-
dragging 

  Differentially precessing 
mass annuli: dJ/dt α r-3 

  Warp evolution depends on 
(H/R)/α 
  Thin disks: warp propagation 

diffusive, shear viscosity aligns 
inner regions (Bardeen-Petterson 
effect) 

  Thick disk: warp propagation 
wavelike 

(Gravity Probe B) 



Precessing Disks 

  Inclined thick disks precess 
like solid body rotators 
when torqued 
  Specifically, if H/r>α 

  Seen in various tilted disks: 
  Protoplanetary 
  BH disk 
  BH-NS remnant 

  Open question:  
    where does jet 
     point?   

  JBH? 
  Jdisk? 
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(Larwood+ 96) 

(Fragile & Blaes 08) 
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Fig. 3.— Meridional plots (� = 0) at times t = 10 (left) and 50torb (right) (representing approximately 1/2 precession period di⇥erence)
from simulation 915m showing a pseudocolor representation of V r for outflowing (V r > 0) and inflowing (V r < 0) gas as hot and cold
colors, respectively. The color scale and contours are normalized the same as in Fig. 1. The figure is oriented in the sense of the grid, such
that the black hole is tilted 15� to the left. Note that the sense of the radial motion as seen from this fixed viewing direction is reversed
between the two frames. This is consistent with the epicyclic motion tracking the precession of the disk.

Fig. 4.— Meridional plots (� = 90�) at times t = 10 (left) and 50torb (right) (representing approximately 1/2 precession period di⇥erence)
from simulation 915m showing a pseudocolor representation of (V � ��)/� for superorbital (V � > �) and suborbital (V � < �) gas as hot
and cold colors, respectively. The color scale and contours are normalized the same as in Fig. 2. The figure is oriented in the sense of the
grid, such that the black hole is tilted 15� away from the viewer’s vertical. Note that the sense of the residual azimuthal motion as seen
from this fixed viewing direction is reversed between the two frames. This is consistent with the epicyclic motion tracking the precession
of the disk.

t=50torb 

t=10torb 

11

FIG. 7: Evolution of an inclined binary (s.5i80). Top left: Beginning of the simulation, at a separation of 63km. Top right: After 7ms and two

orbits of inspiral, the star disrupts and most of the matter rapidly accretes onto the black hole. Bottom left: After 11ms, the remaining matter

(! 8.5% of the initial mass) is split between a developing disk and a tidal tail. Differential precession between the disk and the tail means that

the disk and the matter falling back from the tail orbit in different planes. Bottom right: After 15.5ms, the disk contains about 4.5% of the

initial mass of the star. It is still highly inhomogeneous, and slowly expanding. A movie of the whole simulation is available online [38]. In

each image, the wired frame shows the “fluid” grid in the z = 0 plane (orbital plane at t = 0).

tion of the disk, but we can nonetheless extract some informa-

tion regarding the general characteristics of the final remnant.

To obtain these approximate results, which are summarized in

Table II, we use the fixed-metric approximation described in

Sec. II B 4, starting 5 ! 10ms after merger. At that time, the
disk is still expanding, and will typically settle down to a more

stable quasiequilibrium profile with a relatively low accretion

rate over about 10ms.

The coordinate distance between the peak surface density

of the disk (averaged over all points at a given coordinate ra-

dius) and the center of the BH shows no strong or monotonic

dependence on the BH spin. After the initial expansion of the

disk, variations in the details of the interactions between the

tidal tail and the accretion disk can lead to different evolutions

of the density profile. On average, the disks tend to expand

slightly, while their density decreases because of continued

accretion onto the black hole. However, neither the tidal tail

nor the disk are homogeneous, so that the evolution of the den-

sity profile shows significant oscillations around that average

behavior. The accretion rate is larger for the more massive

disks, so that the expected lifetime of the disk is of the same

order of magnitude for a nonspinning BH (! " 75ms) as for
the highly spinning BH (! " 150ms).

The thermal evolution of the disk does not vary much be-

tween configurations. The temperature #T $disk rises rapidly
during the formation of the disk, then stabilizes at about

3.5MeV in each case — although the average entropy #s$disk
is about 10% lower for spinning black holes than for s0. For

(Foucart+ 11) 



Precessing Jets 

  Theory: 
  Force-free: aligns with Jdisk 

(Palenzuela+10) 
  GRMHD: Jdisk, but ambiguous 

(McKinney+13) 

  Observations: 
  Microquasars: LSI+61°303 

indicates Jdisk alignment  
(Massi+12) 

  Tidal disruption events: Swift 
J1644+57 indicates JBH 
alignment (Stone & Loeb 12), 
but possible Jdisk alignment at 
early times 

Figure 2: 3D snapshot that is similar to Fig. 1 but shows the outer disk (density isosurface
in purple) at large distances from the BH in a box of size r = �350rg to r = 350rg in each
dimension. The jet (blue isosurface, here with magnetic energy per unit rest-mass energy equal
to about 4, still corresponding to the jet spine) is aligned with the BH spin near the BH but
gradually gets pushed by the disk material and becomes parallel to (but o↵set from) the disk
rotational axis at large distances. The strong interaction between the jet and disk has left an
asymmetry or warp in the disk density at large radii.

10

(McKinney+13) 



Past Work – Precessing SGRB Jets 

  Older SGRB models (Blackman+ 96) 
  CO merger 

  Thick steady-state disks, LT torques, jets aligned with Jdisk 
(Reynoso+ 06) 

  Lightcurves (Lei+ 07) 

  We calculate for the first time: 
  Large Monte Carlo sample of merger events with realistic 

prescriptions for postmerger spin, misalignment, etc 
  Distributions of Tprec, ψd 
  Evolution of QPO 
  Requirements for disk tilt 



Which SGRB Disks are Tilted? 

  NS-NS: no 
  ψd<1°, generally <<1° 
  Compare to θjet~5° 

  BH-NS: often 
  ψd~25° 

(Oslowski+10) 

Population synthesis of double neutron stars 471

Figure 3. Probability density on P –Ṗ diagram for APD05 model, for both first and second born pulsars separately (P1 and P2, respectively), for both pulsars
together and for the APD05I model, where a flat distribution of initial spin periods is assumed. The levels correspond to contours containing 68, 95 and 99 per
cent of the objects. Black points correspond to observations.

!12 per cent. Differences will be visible in the distribution of the
chirp masses and the density in the primary mass versus the mass ra-
tio planes (see Section 4). The HP model includes the hyper-critical
accretion in the CE phase, which leads to many pulsars having
the weakest allowed magnetic field. These pulsars fall below the
death line and are no longer emitting in the radio. During the next
accretion event they could, in principle, be recycled and become
millisecond pulsars, but in the binaries that give rise to DNS this
second accretion phase will be too short and will not spin them
up enough. The vertical part of the high-density contour originates

mainly from the second born pulsars (compare with APD05 P2).
The part that roughly follows the constant field lines comes from
the first born pulsars that have only experienced a stable mass trans-
fer. After the accretion phase they move along the constant field
lines. As much as 68 per cent of the contribution to the total density
in the P –Ṗ space comes from the second born pulsar, as opposed
to !15 per cent for models based on the A STARTRACK mode or
!12 per cent for the SP model.

Finally, we come back to the question of the time-scale of the
magnetic field decay. We present two different models. At first, we

C" 2011 The Authors, MNRAS 413, 461–479
Monthly Notices of the Royal Astronomical Society C" 2011 RAS
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Which SGRB Disks are Tilted? 

  NS-NS: no 
  ψd<1°, generally <<1° 
  Compare to θjet~5° 

  BH-NS: often 
  ψd~25° 

  Important caveat – 
many BH-NS mergers 
can’t produce SGRBs 
  Small MBH, large aBH, 

large RNS help 
(Fong+14) 

The Astrophysical Journal, 780:118 (9pp), 2014 January 10 Fong et al.

!bf and !es are the bound–free and electron scattering opacities,
respectively) and (2) the electron scattering optical depth, "es,
through the ejecta decreases to !1. Assuming ejecta mainly
composed of hydrogen-like iron10 and an ejecta temperature
of Tej = 104 K, we derive the following expressions (see the
Appendix for details):

!bf

!es
! 0.13

!
LX

4 " 1043 erg s#1

"#1 !
Mej

10#3 M$

"

"
!

t

1 day

"#1 #vej

c

$#1
, (3)

"es = #ej!esRej % 0.02
!

Mej

10#3 M$

" #vej

c

$#2
!

t

1 day

"#2

,

(4)
where Mej, Rej = vejt , and vej are the (effective) mass, radius,
and velocity of the ejecta along the observer’s line of sight,
respectively. Using fiducial values for Mej and vej of the merger
(Hotokezaka et al. 2013; Fernández & Metzger 2013), we find
that both conditions are satisfied on timescales $t " few hr given
the observed X-ray luminosity. We thus conclude that the ejecta
are indeed transparent to the soft X-rays at late times, supporting
the idea that direct radiation from the central engine could
produce the observed X-ray excess emission in GRB 130603B.

We note that of the !10 short GRBs with X-ray observations
to $t " 1 day, two events, GRBs 050724 and 080503, also
exhibited late-time X-ray excess emission on timescales of
$t & 1–2 days (Grupe et al. 2006; Perley et al. 2009). However,
unlike GRB 130603B, both of these bursts had corresponding
behavior in the optical bands (Malesani et al. 2007; Perley et al.
2009), suggesting that the optical and X-ray emission were from
the same emitting region.

6. COMPARISON TO PREVIOUS SHORT GRBS

The broad-band afterglow observations of GRB 130603B
provide the second detection of a multi-wavelength jet break
in a short GRB, and the first detection of a jet break in the
radio band. Radio afterglow emission has thus far been detected
in two short GRBs: GRB 050724A (Berger et al. 2005) and
GRB 051221A (Soderberg et al. 2006). The ability to monitor
the radio afterglow of GRB 130603B at a flux density level of
!0.1 mJy highlights the improved sensitivity of the VLA.

Indeed, the radio evolution can provide an important con-
straint on the progenitor. In the context of the compact object
binary progenitor, the radioactive decay of r-process elements
in the sub-relativistic merger ejecta is predicted to produce tran-
sient emission, termed a “kilonova” (Li & Paczyński 1998;
Metzger et al. 2010; Goriely et al. 2011; Roberts et al. 2011;
Rosswog et al. 2013), which is expected to peak in the NIR
(Barnes & Kasen 2013; Kasen et al. 2013; Tanaka & Hotokezaka
2013). Late-time NIR emission in GRB 130603B detected with
the Hubble Space Telescope (Figure 2; Berger et al. 2013;
Tanvir et al. 2013) has been interpreted as the first detection
of an r-process kilonova. An alternative scenario for explain-
ing the excess NIR emission of GRB 130603B may be a wide,
mildly relativistic component of a structured jet (Jin et al. 2013)
which has been used to explain the light curve behavior of a
handful of long GRBs (e.g., Berger et al. 2003b; Sheth et al.
2003; Peng et al. 2005; Racusin et al. 2008). In this scenario,

10 Outflows along the polar direction arise chiefly from the accretion disk and
are expected to be composed of Fe-like nuclei (e.g., Metzger et al. 2008).
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Figure 3. Distribution of opening angles for long (red) and short (blue) GRBs,
updated from Fong et al. (2012). Arrows represent upper and lower limits. The
long GRB population includes pre-Swift (Frail et al. 2001; Berger et al. 2003a;
Bloom et al. 2003; Ghirlanda et al. 2004; Friedman & Bloom 2005), Swift
(Racusin et al. 2009; Filgas et al. 2011), and Fermi (Cenko et al. 2010; Goldstein
et al. 2011; Cenko et al. 2011) bursts. For short GRBs, the existing measurements
are GRB 051221A (7'; Soderberg et al. 2006), GRB 090426 (5'–7', assigned
6' here; Nicuesa Guelbenzu et al. 2011), GRB 111020A (3'–8', assigned 5.'5
here; Fong et al. 2012) and GRB 130603B (4'–8', assigned 6' here; this work).
Short GRB lower limits are from the non-detection of jet breaks in Swift/XRT
data (Fong et al. 2012), Chandra data for GRBs 050724A (Grupe et al. 2006),
101219A (Fong et al. 2013), 111117A (Margutti et al. 2012; Sakamoto et al.
2013), and 120804A (Berger et al. 2013) and optical data for GRBs 050709
(Fox et al. 2005) and 081226A (Nicuesa Guelbenzu et al. 2012).
(A color version of this figure is available in the online journal.)

the predicted radio emission is similarly boosted, and will be
!80 µJy at $t ! 84 days, the time of our final radio observations
(Jin et al. 2013). Instead, the non-detection of any radio emis-
sion to !34 µJy provides a strong constraint on the existence of
a two-component jet and supports the kilonova interpretation of
the NIR emission.

The detection of a jet break in GRB 130603B leads to an
opening angle measurement of 4'–14', with a more likely range
of 4'–8'. This opening angle is the fourth11 such measurement
for a short GRB after GRB 051221A (7'; Soderberg et al.
2006), GRB 090426 (5'–7'; Nicuesa Guelbenzu et al. 2011), and
GRB 111020A (3'–8'; Fong et al. 2012). From these four short
GRB opening angle measurements, the median is (%j ) ! 6'

(Figure 3).
The non-detections of jet breaks can provide lower limits

on the opening angles, assuming on-axis orientation, as off-
axis observing angles could disguise jet breaks (van Eerten
& MacFadyen 2012, 2013). Indeed, such non-detections to
timescales of &1 day with Swift/XRT have led to lower limits
of %j " 2'–6' (Fong et al. 2012), while monitoring with more
sensitive instruments such as Chandra and XMM-Newton to
timescales of &1 week has led to more meaningful limits of
%j " 10'–25' (Figure 3; Fox et al. 2005; Grupe et al. 2006;
Berger et al. 2013). The search for jet breaks has been less
fruitful in the optical bands, primarily due to the intrinsic
faintness of the optical afterglows and contamination from
host galaxies. Indeed, the sole lower limit from a well-sampled

11 We note that Nicuesa Guelbenzu et al. (2012) claimed discovery of a jet
break in the GRB 090305A afterglow but this is based on a single optical data
point.
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BH-NS Progenitor Properties 

  BH mass functions: 
  Özel+ 2010 exponential w/ cutoff 
  Farr+ 2011 Gaussian 

  BH spin functions: 
  Bimodal 
  Flat 
  Fast 
  Slow 

  NS mass/radii: 
  Stiff EoS (RNS=13.5 km) 
  Soft EoS (RNS=11 km) 

  Spin-orbit misalignment ψ: 
  Isotropic < 90° 
  Fully isotropic (<180°) 

Results largely 
independent of 
progenitor choices 

Except for this one! 



BH-NS Merger Prescriptions 

  PN fitting formula used for postmerger mass mf, spin 
af 
  Lousto+ 11 – surprisingly accurate! 

  Tidal disruption criteria 
  Calibrated from numerical relativity (Foucart 12) 
  Effective spin modification for misaligned BH-NS 

  Precession timescale, amplitude 
  Tprec=2πsin(ψd)(J/τ), so for                          ,  

€ 
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3

Here Md is the initial disk mass, Rdis is the initial radius
of the spreading mass ring (i.e. the radius where the NS
is disrupted), Im is a modified Bessel function of order
m, x = r/Rdis, ⌧ = t(12⌫0(1� n/2)2/R2

dis), and we have
assumed viscosity of the form ⌫ = ⌫0x

n. We calibrate ⌫0
with the initial relation tvisc,0 = R2

dis/⌫ and the equation

tvisc,0 ⇡ 6⇥ 10�2
⇣ ↵

0.1

⌘�1
✓
MBH

3M�

◆�1/2 ✓
Rdis

105 m

◆3/2

(5)

⇥

✓
H0

0.3Rdis

◆�2

s,

where ↵ is the dimensionless Shakura-Sunyaev viscosity
coe�cient and H0 is the characteristic disk height. The
value of ↵ is set by the magneto-rotational instability
(MRI), and has been estimated to span a wide range of
values, from ⇠ 0.01 in local, shearing box simulations
[35] to ⇠ 1 in global GRMHD simulations [36]. However,
large ↵ values seen in global simulations are confined to
small radii, and in these simulations ↵ ⇠ 0.1 at r & 10rg.
The importance of ↵ for our results lies primarily in how
viscosity controls the outward spreading of the disk, so
we follow Ref. [37] and consider large-radii ↵ values of
0.01, 0.03, and 0.1. H0 will vary both in radius and in
time; generally, H0 grows as one moves further out in the
disk [37], and also as the outer edge of the disk viscously
spreads, putting a larger fraction of the disk into a purely
advective regime with large height [34]. Our results are
fairly sensitive to both ↵ and H0, but because the for-
mer spans a wider range we vary ↵ and fix H0 = 0.3R.
We arrive at this value by considering the size of the
disk at a time t1/2, a characteristic, “halfway,” preces-

sion timescale. Specifically, t1/2 = ((t�1/3
visc,0 + 1)/2)�3 is

the time at which half the SGRB’s precession cycles will
have occurred if it lasts from t = tvisc,0 to t = 1 s and
viscous spreading of the disk causes Tprec / t4/3. Typi-
cally, t1/2 ⇠ 100 msec, which corresponds to a disk outer
edge at ro ⇠ 50; at this distance, more detailed modeling
of disk structure [37] indicates H/R ⇡ 0.3.

Using Eq. (4), we plot the time evolution of Tprec in
Figure 1, and find that it increases in rough agreement
with analytic expectations: at late times, Eq. (4) ap-
proaches a power law with ⇣ = 1/2, and the outer edge
of the disk ro / t2/3. Assuming that ri remains fixed (and
ignoring lower-order contributions from ro), Eq. (3) then
implies Tprec / t4/3. In Fig. 1 we also plot Ncycles, the
total number of precession cycles undergone during the
GRB. For ↵ & 0.1, a viscously spreading SGRB disk will
generally experience Ncycles . 1.

In the above discussion we have assumed that the an-
gular momentum lost by inspiralling disk matter is re-
distributed outward by internal viscous torques. An al-
ternate possibility is angular momentum loss through a
magnetized disk wind [34], in which case ro / t2/5 and
Tprec / t4/5. If this is the case, Ncycles & 10 for all real-
istic ↵ values. For the remainder of this paper, however,
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FIG. 1. Panel (a) shows the time evolution of Tprec assuming a
viscously spreading disk structure given by Eq. (4). The black
dotted curves represent ↵ = 0.1, the dashed magenta curves
↵ = 0.03, and the solid cyan curves ↵ = 0.01. Thick curves are
for nearly equatorial disruptions with aBH = 0.9, while thin
curves are for aBH = 0.9 and initial spin-orbit misalignment of
70�, or equivalently a nearly aligned disruption with a ⇡ 0.5.
The dash-dotted red line is / t4/3, the rough time evolution
of Tprec. Panels (b) and (c ) show Ncycles, the accumulated
number of cycles for 0.1 s < t < 1 s and 0.01 s < t < 1 s,
respectively.

we conservatively calculate fiducial precession timescales
using Eq. (4) and n = 1/2. Our results are generally in-
sensitive to Rdis and independent ofMd (although we will
later use Md as a criterion for whether or not an SGRB
can form - see §III). On the other hand, our results are
fairly sensitive to ↵, with large ↵ values increasing the
precession period and decreasing the number of preces-
sion cycles that can fit in the duration of an SGRB. In
all cases we self-consistently calculate the inner disk edge
ri using the formalism in Perez-Giz 2012 [38] for finding
the innermost stable spherical orbit (ISSO), the tilted
analogue to the innermost stable circular orbit (ISCO).
Details of the ISSO calculation are in Appendix A.

The precession of the SGRB disk in isolation is unlikely
to be observable, and is mainly interesting as a source of
jet precession. The observational signatures of jet preces-
sion will hinge on two uncertain astrophysical questions:
the opening angles of SGRB jets, and the alignment di-
rection of a jet in a tilted accretion flow. The first of these
questions has recently become amenable to observational
constraint; observations of jet breaks in SGRBs suggest
opening angles of ⇠ 10� [8]. Observational evidence for
the second question is limited, and ambiguous. Observa-
tions of a relativistic outflow following tidal disruption of

Timescale Evolution 

  Analytic solution for 
spreading disk 
(Metzger+ 08) 

  Self-similar 
expansion: Tprec α t4/3 

  Results sensitive to α 
  Need α≤0.1 for 

Ncycles>1 
  Need α≤0.01 for 

Ncycles>10 

(Stone, Loeb & Berger 13) 
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FIG. 5. Each contour plot in this figure shows the range of “halfway” precession periods (vertical axis) and post-merger
misalignment angles  d (horizontal axis) for every BH-NS merger that produces a disk. Tprec is plotted in seconds, and in all
scenarios is generally  0.4s, although we note again that it will grow with time as the disk viscously spreads outward. As
in previous plots, we show scenarios A-H. The logarithmic contour scale is included in panel (E); the range in colors covers a
probability range of two orders of magnitude. In this plot we use the fiducial value ↵ = 0.03.

the relatively low number of precession cycles, and (2)
the rapidly growing precession period Tprec. However, we
have shown that for most progenitor populations there
exists a large-value tail to the Ncycles distribution, from
which events with Ncycles ⇡ 5 can be observed, provided
↵ < 0.1. Furthermore, searches for evolving quasiperi-
odicity are feasible, provided the time axis of time series
data can be rescaled to match appropriate theoretical
models. In this paper we have employed a simple ana-
lytic model for the viscous spreading of the disk, and for
the first time have found that precession periods grow
as t4/3. We hope that this will provide a starting point
for searches for jet precession in SGRBs, but detailed
hydrodynamical, and perhaps GRMHD, simulations are
necessary to validate or refine this analytic expectation.
We also note that both of these challenges are mitigated
if a significant fraction of disk angular momentum is lost
through an outflow, which will reduce the late-time scal-
ing of Tprec to t4/5.

Pulsation of prompt emission may not be the only ob-
servable implication of disk precession in SGRBs. A pre-
cessing jet will sweep out a larger solid angle in the sky,
enabling BH-NS mergers to make up a larger fraction

of the observed SGRB rate than would be implied by a
simple calculation (i.e. the intrinsic BH-NS merger rate
multiplied by fGRB). This would likewise enhance ob-
servability of BH-NS optical afterglows [70].

Unless there exists a large population of NS-NS bina-
ries with millisecond spin periods (not accounted for by
current population synthesis estimates), SGRBs due to
BH-NS mergers will be distinguishable from those due
to NS-NS mergers by the presence of a quasiperiodic sig-
nal, with a typical period of ⇠ 30 � 100 ms. We have
shown that this signal is robust to a large number of
assumptions about the progenitor binaries, but evolves
quickly and could become di�cult to observe if jets align
with the BH spin axis, or if the post-merger disk viscos-
ity is large. A better understanding of both viscous disk
spreading, and how GRB jet intensity varies with angle of
observation, will aid future searches for this discriminant
between SGRB progenitor binaries.

Results – Precession Timescales 
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Evolution and Observability 

  Observability: 
  Tprec>10 msec >> Δt 
  Limited by photon counting statistics 

  Two theoretical uncertainties 
  1.  Does jet align with JBH or Jdisk? 

  If Jdisk, then ψd~25° is the precession angle  
  If JBH, then (Jdisk/Jtot)ψd<5° is the precession angle  

  2.  How does disk spread viscously outward? 
  I.e. how does Tprec grow in time? 



Observational Searches 

  BATSE archival search: 
2203 GRBs, no periodicity 
detected (Kruger+02)  

  Followup search by 
Dichiara+13 
  Examined 44 SGRBs with 

SNR>20, no periodicity found 
in power spectra 

  14/44 have sufficient SNR to 
search for Tprec α t4/3 : no QPOs 
found 

  Constraint on BH-NS fraction? 
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Figure 3. Distribution of the minimum detectable pulsation amplitude normal-
ized to the peak in the canonical PDS search. Two cases are shown: fixed time
(solid) and 5! (shaded) intervals. They refer to the 10–30 Hz frequency range.
(A color version of this figure is available in the online journal.)

priori. Further details on how the synthetic light curves were
generated and on the calibration of this technique are given in
the Appendix. Hereafter, we refer to this search as the stretched
PDS search.

4. RESULTS

The canonical search identified just a couple of SGRBs with
power exceeding the 2! threshold (Gaussian units) in one
frequency bin each. The chance probability of a 2! fluctuation
occurring within a given PDS is 4.5%. Out of 44 different
PDS, the expected number of >2! fluctuations is 1.98, i.e.,
in agreement with the observed number of two cases. Hence, no
evidence for the presence of periodic or quasi-periodic signals
was found. In the absence of detection, we derived, for each
GRB, a 2! upper limit to the fractional amplitude averaged out
over the frequency range of interest, i.e., from 10 to 30 Hz. The
amplitude is normalized to the peak count rate of each SGRB.
The average minimum detectable amplitude depends on the time
interval the PDS is calculated: it clusters around 3% (17%) of
the peak for the fixed (5! ) time interval (Figure 3).

Likewise, we did not find any evidence for the quasi-periodic
signals in the stretched PDS search. However, as the calibration
on synthetic curves has shown, we could obtain useful upper
limits on the pulsational amplitude for the four, five, and five
SGRBs with the highest S/N detected by Fermi, Swift, and the
CGRO, respectively. This reduced sensitivity with respect to the
canonical search is a consequence of the low number of expected
cycles coupled with the statistical quality of the data. Figure 4
shows the 2! upper limits on the fractional amplitude for a
modulation with an increasing precession period superimposed
on the overall profile of each SGRB as in Equation (3) as a
function of S/N for these 14 events. With reference to the
short/intermediate classification provided in Section 2.2, 7 out
of these 14 GRBs are T-SGRBs, while 4 are L-SGRBs and 3 are
P-IGRBs. As shown in Figure 4, even if we neglect the P-IGRB
group, our results do not change in essence, although the reduced
number of events demands caution in generalizing them to larger
samples of GRBs. The burst with the highest S/N and most
stringent upper limit on its fractional amplitude corresponds to
GRB 120323A detected with Fermi/GBM. It is a P-IGRB, so the
probability of it being a misclassified intermediate GRB is non-
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Figure 4. Minimum detectable fractional amplitude for an increasing precession
period for 14 SGRBs, as determined from simulations in the stretched PDS
search. The same symbols as in Figure 1 are used.
(A color version of this figure is available in the online journal.)
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Figure 5. Distribution of the PDS slope as derived from the [!3; 3] s interval
(light shaded) and the 5! interval (dark shaded). Also shown is the same
distribution for a sample of 170 long GRBs (solid line; S. Dichiara et al.,
in preparation).
(A color version of this figure is available in the online journal.)

negligible. Still, it is worth noting that it has a 78% probability
of not being a genuine SGRB and a mere 22% chance of being
an intermediate GRB.

Although the quasi-periodic oscillation (QPO) search has
given negative results, an interesting product of the canon-
ical search is the continuum properties for an ensemble of
bright SGRBs, which is studied here for the first time. Fig-
ure 5 shows the distribution of the power-law indices for
both the pl and the bpl models, upon selection of the most
accurately measured values (|! (")| < 0.5). A comparison
with analogous results obtained for a sample of long Fermi/
GBM GRBs (S. Dichiara et al. in preparation) shows no
outstanding difference in the power-law index distribution
between short and long GRBs. However, the small num-
ber of SGRBs lacks the sensitivity required to reveal fine
differences.

For the SGRBs whose PDSs are best fit with a broken power
law, the break frequency is mostly connected to the overall
duration of the main spike, whose timescale is predominant in
the total PDSs of SGRBs.

4

(Dichiara+13) 



Conclusions – SGRB Jet Precession 

  Post-merger BH-NS disks will have large tilts ψd~25°, 
initially short Tprec~0.01-0.2s 
  Post-merger NS-NS disks have ψd<1° 

  Results generally independent of assumptions on 
progenitor population 

  Larger uncertainties physical: 
  Jet alignment direction? 
  Viscous spreading of disk?  I.e. α<0.1 needed for Ncycles >> 1 

  Implications: 
  QPO in prompt emission 
  Larger solid angle for jet/outflows in BH-NS 
  Precession nondetections (Dichiara+ 13) may indicate low BH-NS 

fraction in SGRBs 



Questions? 


