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Abstract
Electromagnetic and Multimessenger Signals from Magnetized

Outflows of Compact Object Binaries
Navin Sridhar

The extreme environments around compact object binaries make them rich laboratories to

study some of the most energetic and enigmatic astrophysical phenomena known or unbeknownst

to us. Many such high-energy astrophysical events are powered by relativistic, magnetized

outflows that arise from the interaction of the compact object with its companion star during its

evolution. Such macroscopic outflows are expected to be sources of magnetic dissipation, and

consequently, particle energization, through microscopic processes such as magnetic

reconnection, turbulence, or large-scale shocks. In this dissertation, I present novel scenarios that

predict, and offer explanations to the observed, high-energy electromagnetic and multimessenger

signals, potentially generated by the magnetized outflows from compact object binaries during

different stages of their evolution. These scenarios are modeled using analytical calculations and

numerical simulations.
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 cr = 16)
and Compton ampli�cation factor (A = 10). The dashed red line indicates the
power-lawN (E) / E � 1:5. All the data are normalized with respect toOSSE. . . . 39
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2.12 Reconnection rate� rec, de�ned as the speed of the plasma in�ow towards the recon-
nection region (vin ) normalized by the Alfvén speed (vA ). The dotted and dashed
lines connecting the diamond and star markers, respectively, present the depen-
dence of� rec on mi=me for � i = 1 and 3, respectively. The blue markers denote
uncooled cases (� cool = 1 ), whereas the brown markers show the results of the
strongest cooling case (� cool = 0:06), for our �ducial mi=me = 29. The in�ow rate
is spatially-averaged over a rectangular slab located above the reconnection mid-
plane (at0:1 < x=L x < 0:9 and0:05 < y=L x < 0:15, whereL x=(c=! pe) = 1680),
and is then averaged during the time interval2 . T=(L x=vA ) . 5. The error bars
denote the standard deviation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.13 Snapshot of the reconnection region at timeT ' 4:6L x=vA for two magnetization
models:� i = 1 (left) and� i = 3 (right), with otherwise the same level of cooling
(� cool = 0:06) and mass ratio (mi=me = 29; see Appendix B.1 for other runs). We
only show the regionjyj . 0:2L x where reconnection occurs, whereL x=(c=! pe) =
1680and 6720 for the� i = 1 and 3 models, respectively. [a] Particle number
densityn in units of the initialized (upstream) number densityn0. [b] B 2=B2

0, i.e.,
the magnetic energy density normalized to its upstream (initialized) value. The
over-plotted white contours are magnetic �eld lines. [c] Local averageh
 2

e � 2
e i =

h
 2
e i � 1, which is proportional to the IC power per electron (the local average is

calculated by averaging over patches of5� 5 cells). [d]� 2 � 1, where� is the bulk
Lorentz factor de�ned in the text. [e]h
 2

e i � � 2, which represents internal electron
motions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.14 Bulk out�ow motions in the reconnection region as a function of� cool and� i . Green
hexagons and brown stars indicate the mean (density-weighted) bulk 4-velocityux

for � i = 1 and 3 respectively, and the error bars indicate its standard deviation.
The red squares and black circles denote the same quantity for ane� plasma with
� e� = 10 (SB20) and� e� = 40 (SSB21), respectively. The measurements were
performed along one half of the reconnection region (x > 0) and the mean and
standard deviation are computed during the time interval2 . T=(L x=vA ) . 5. . . . 56

2.15 Average particle energy (in units ofmsc2) separated into two components: inter-
nal (blue for electrons and green for ions) and bulk (brown), plotted against� cool.
Dashed curves refer to� i = 3, and dotted lines to� e� = 40 (SSB21). For a
given magnetization and� cool, different symbols correspond to different sizes of
the simulation domain (see legend), which equivalently correspond to different
 cr.
Where more than one simulation is available with the same� and� cool (Table B.1),
the curve passes through their mean value. The measurements were performed us-
ing density-weighted averaging over the reconnection region and averaging over
the quasi-steady-state time interval2 . T=(L x=vA ) . 5. . . . . . . . . . . . . . . 58
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2.16 Electron energy spectra extracted from the reconnection region and averaged over
2 . T=(L x=vA ) . 5. Nine simulations are shown with magnetizations� i =
1; 2; 3 and different values of� cool and domain sizeL x. The plasma magnetization
increases from top to bottom, and the effective cooling strength (parametrized by
� cool) increases from left to right (achieved by increasingL x at �xed 
 cr > � e=8 =
� i(mi=8me)). The spectra are normalized byL2

x for proper comparison of models
with differentL x. Each panel shows the total energy spectrum (red;
 = 
 e), the
bulk motion spectrum (golden-brown;
 = � ), and their difference (dotted blue),
i.e. the part not accounted for by bulk motions; the fractional IC power contributed
by this component is denoted in each panel asf HE . For comparison, we also plot
a Maxwellian distribution with a temperature of 100 keV (dashed black), such that
the normalization of its peak matches the peak of the bulk energy spectrum. The
dotted grey lines indicate the� 2 slope that corresponds to equal IC power per
decade in Lorentz factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.17 Total (left) and bulk (right) energy spectra for a model with� i = 3 andmi=me =
29. In both panels, the blue curves denote the uncooled simulations (� cool = 1 ),
whereas the brown curves denote the cooled cases (� cool ' 0:24; same case as
Fig. 2.16[g]). The solid curves represent electron spectra whereas the dash-dotted
curves denote the ion spectra. For comparison, we also plot a Maxwellian distri-
bution with a temperature of 100 keV (dashed black; right panel) normalized so
that its peak matches the peak of the bulk energy spectrum. The dotted grey lines
indicate the� 2 slope that corresponds to equal IC power per decade in Lorentz
factor. The spectra are extracted from the reconnection region of a simulation with
sizeL x=(c=! pe) = 1680, and time-averaged in the interval2 . T=(L x=vA ) . 5. . . 63

2.18 X-ray/
 -ray spectrum of Cygnus X-1 during its hard state,Ef E = E 2N (E). The
0.7–25 keV data (blue) are fromBeppoSAX(Di Salvo et al., 2001; Frontera et al.,
2001), and the 25–3500 keV data (orange) are fromCGRO/OSSE(McConnell et
al. 2002; see Zdziarski et al. 2017 for the spectrum in an extended range). The
black dotted and dashed curves show the spectra formed by Comptonization in the
reconnection layer in the models with� i = 1 (dotted) and� i = 3 (dashed), with the
same strength of radiative cooling losses (� cool = 0:06) and Compton ampli�cation
factor (A = 10). The dashed red line indicates the power-lawN (E) / E � 1:5. All
the data are normalized with respect toOSSE. . . . . . . . . . . . . . . . . . . . . 64

2.19 2D snapshots of the reconnection layer at timeTvA =Lx � 4 for magnetizations
� = 3; 10; 40 (increasing from top to bottom) and guide �eld strengthsBg=B0 =
0; 0:3; 1 (increasing from left to right). All simulations are performed with our
�ducial box sizeL x=(c=! p) = 1680. The panels show particle number density,n,
in units of the upstream number density,n0. . . . . . . . . . . . . . . . . . . . . . 73
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2.20 Reconnection rate in units of the Alfvén speed,vin=vA , as a function of time (in
units ofL x=vA ). Colors represent guide �eld strengths (Bg=B0): purple = 0, red =
0.1, green = 0.3, yellow = 0.6, blue = 1. The magnetization increases from left to
right panel (� = 3; � = 10; � = 40). . . . . . . . . . . . . . . . . . . . . . . . . . 75

2.21 Bulk motions of the reconnected plasma, viewed in thex � ux phase space. Color
represents the particle number density. The magnetization increases from top to
bottom (� = 3; � = 10; � = 40) and the guide �eld increases from left to right
(Bg=B0 = 0; Bg=B0 = 0:3; Bg=B0 = 1). The solid black curve in each plot shows
the density-weighted mean ofux along thex-axis, while the dotted curves show
the corresponding standard deviation. The dashed horizontal lines show the Alfvén
limit, ux = �

p
� . All phase space plots are time-averaged over2 � TvA =Lx � 4:2

when the layer is in a quasi-steady state. . . . . . . . . . . . . . . . . . . . . . . . 77

2.22 Bulk energy spectra of the reconnected plasma, averaged over2 � TvA =Lx � 4:2.
The colors represent guide �elds strengths (Bg=B0): purple = 0, red = 0.1, green
= 0.3, yellow = 0.6, blue = 1. The magnetization increases from left to right (� =
3; � = 10; � = 40). The vertical dashed line in each panel shows the Alfvénic
limit, � � 1 =

p
1 + � � 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.23 Bulk motion statistics of the reconnected plasma in models with variousBg=B0

and magnetization. Yellow circles, purple squares, and green diamonds indicate
mean bulk out�ow energy for a range of guide �eld strengths (0 � Bg=B0 � 1)
for � = 3, � = 10, and� = 40, respectively. The error bars indicate the standard
deviation. Both mean and standard deviation are time-averaged over the quasi-
steady state,2 � TvA =Lx � 4:2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2.24 Time evolution of the mass accretion rate_M (in code units) into the event horizon
(top panel), the magnetic �ux� threading the horizon (middle panel), and the
Blandford-Znajek jet powerLBZ normalized by _M (bottom panel) in our MAD
simulation. The downward-facing triangles at the top of each panel denote the
times corresponding to the snapshots in Fig. 2.26. The grey-shaded regions denote
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2.25 Panels [a,b,c] in the top row show the comoving plasma density, the dimensionless
temperature (p=�c2), and the bulk energy per unit rest mass energy (� � 1), at time
Tc=Rg = 2870. The black hole is centered at[x; z] = [0; 0], the red dashed curve
is the ergosphere, and the red solid curve is the inner light surface. The overplotted
curves are magnetic �eld lines. The time-evolution of these parameters (during the
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2.26 Realizations of plasmoid-mediated reconnection layers identi�ed in the jet sheath
by the conditions� h > 0:15and� > 0:1at various times (in different rows). Panels
[a-d] show� h; panels [e-h] show� ; panels [i-l] show the current density. The bulk
energy per particle in this region (i.e., where� h > 0:15 and� > 0:1) is shown in
panels [m-p]. In all the panels, the black hole is centered at[x; z] = [0; 0], the red
dashed curve is the ergosphere, and the red solid curve is the inner light surface.
Click here for a YouTube video of some of these quantities. . . . . . . . . . . . . . 94

2.27 Time-evolution of the quantities in Fig. 2.26 as a function of the polar angle� , at
the �ducial radiusr = 15 Rg. The left- and right-facing triangles denote the times
corresponding to different rows of Fig. 2.26. . . . . . . . . . . . . . . . . . . . . . 95

2.28 Strength of the out-of-plane magnetic �eldBout at different times (same times as
in Fig. 2.26), normalized to the strength of the in-plane �eldB in . The streamlines
denote in-plane magnetic �eld lines. . . . . . . . . . . . . . . . . . . . . . . . . . 101

2.29 Left panel: Time- and� -averaged histogram of the out-of-plane �eld strength
(Bout ) in units of the in-plane �eld strength (B in ), measured between 5Rg (blue)
and 40Rg (red) in increments of 5Rg. The histograms are normalized with re-
spect to the peak of the histogram for ther = 5 Rg case. Right panel: Radial
dependence of the average (solid curve) and standard deviation (shaded region)
of Bout =Bin (brown) andjBout =Bin j (teal). All quantities presented in this �gure
are calculated within the dissipative jet sheath (identi�ed by the cuts� h > 0:15
and� > 0:1) in the upper hemisphere, and averaged over the quasi-steady state,
2000< Tc=Rg < 4000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

2.30 Panel [a]: Radial Poynting �ux at timeTc=Rg = 2870. Panel [b]: Time-evolution
of the radial Poynting �ux as a function of the polar angle� at the �ducial radius
of r = 15 Rg. The black curve in the top sub-�gure shows the time-averageh(E �
B)r i [� ]. The angle whereh(E � B)r i peaks,� pk , is mentioned in the top sub-
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h(E � B)r i [� ] � 0:75h(E � B)r i [� pk ]. The green area is the jet core. The ratio of
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2.31 Left panel: Solid curves denote the radial dependence of the average of the 4-
velocity components� � r (red), � � � (green), and� � � (blue). Right panel: The
black solid curve shows the mean bulk energyh� � 1i as a function of radius. The
dashed yellow curve shows the mean bulk energy weighted by the radial energy
�ux (E � B)r(1+1=� h). The black dotted curve denotes the bulk Lorentz factor at
the jet sheath (assuming� = � pk ) expected fromE � B drift motion, see (Eq. 2.32).
The shaded region around each curve denotes the standard deviation. All quantities
are measured in the Eulerian frame within the dissipative jet sheath in the upper
hemisphere, and averaged over the quasi-steady state. . . . . . . . . . . . . . . . . 106

2.32 Left panel: Time- and� -averaged bulk energy spectra, calculated in the local co-
moving frame between 5Rg (blue) and 40Rg (red), in bins of 5Rg. The black
dotted and dashed curves denote 100 keV and 200 keV Maxwellian distributions,
respectively. Right panel: Comoving-frame mean bulk energy (solid line) and its
standard deviation (shaded band) as a function of radius within the dissipative jet
sheath. All quantities are measured in the �uid comoving frame within the dissipa-
tive jet sheath in the upper hemisphere, and averaged over the quasi-steady state.
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2.33 Polar- and time-averaged radial pro�les of the comoving magnetic energy den-
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as obtained from our simulation assuming parameters typical of Cygnus X-1 (see
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3.1 Schematic diagram of the production of periodic FRBs from accretion-powered
�ares in ULX-like binaries outlined in this paper. A star of massM ? undergoes
thermal- or dynamical-timescale mass-transfer onto a compact BH or NS remnant
of massM � at rate _M tr near or exceeding the Eddington rate. The super-Eddington
accretion �ow is radiatively inef�cient and hence subject to powerful out�ows,
which can reduce the accretion rate closer to the central compact object,_M � � _M tr .
The mass-loaded disk winds also shape the narrow polar accretion funnel of half-
opening angle� � and corresponding beaming fractionf b. FRB emission is gener-
ated by a relativistic �are of energy released close to the innermost stable circular
orbit (e.g. due to reconnection of magnetic �eld lines threading the BH horizon),
which propagates outwards along the accretion funnel as an ultra-relativistic shock
into the cavity of the previous “quiescent” jet. Coherent radio emission (the FRB)
is generated via the synchrotron maser shock mechanism or magnetic reconnection
within the relativistic �ow (at radii� r c, above which induced Compton scattering
in the quiescent jet is negligible; eq. 3.8). If the spin axis of the BH is misaligned
with respect to the angular momentum axis of the accretion disk, the polar cavity—
and hence the direction along which the FRB emission is geometrically beamed—
is modulated by Lense-Thirring (LT) precession on a timescale of days to years
(eq. 3.27).Inset: The magnetized disk out�ows are swept into a spiral pattern due
to the precession of the disk angular momentum about the axis of BH spin (a� ).
The instantaneous jet axis intersects this wind (from an earlier precession phase)
on larger scales&rw (eq. 3.33). Small systematic variations in the burst disper-
sion measure (DM) and rotation measure (RM) are expected due to this encounter
(eq. 3.35). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

3.2 If most of the luminous FRBs are powered by accreting compact objects, the lat-
ter must be NSs or stellar-mass BHs accreting near or well above the Eddington
rate. Here we show the observed isotropic luminosities and durations of repeat-
ing and non-repeating FRBs as �lled and non-�lled gray circles, including ranges
for the repeating sources, FRB 121102 (square), FRB 180916 (diamond;http:
/ /www.frbcat.org ; Petroff et al., 2016) and FRB 200120 (star; Bhardwaj
et al. 2021). The top axis shows the NS/BH massM � corresponding to the mini-
mum FRB durationtmin (eq. 3.1) assumingRisco = 2Rg. Colored contours show
the corresponding mass-transfer Eddington ratio required to achieve an isotropic-
equivalent luminosityLFRB = Lmax

FRB (eq. 3.3) for an assumed FRB emission ef-
�ciency f � = 10� 3 (Section 3.2.4) using the valueM � corresponding to thetmin

condition, and adopting a beaming fraction (f b) motivated by ULX observations
(eq. 3.4). A dashed black line shows the limit corresponding to systems undergo-
ing stable MT accretion (eq. 3.21). . . . . . . . . . . . . . . . . . . . . . . . . . . 152
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3.3 The quiescent jet just prior to the FRB �are must be comparatively dilute and
highly relativistic. Here we show the allowed parameter space of the quiescent jet
(� q, � q), based on the constraints from the optical depth for FRB escape, and on
the local dispersion measure (DM) variation. The requirement ofrdec > r c for an
optically thin upstream medium is demarcated by the diagonal lines (see eqs. 3.8
and 3.12). The solid black line corresponds to the “�ducial FRB” withLFRB =
1040 erg s� 1, � FRB = 1 GHz, tFRB = 1 ms. The gray dash-dotted, dotted, and
dashed lines denote the deviation of the burst luminosity (LFRB = 1042 erg s� 1),
frequency (� FRB = 0:1GHz), and the duration (tFRB = 10 ms), respectively, from
the �ducial case. The local environmental contribution to the DM, corresponding to
different _m 2 [10; 105], is denoted by the fading blue bands (assumingrFRB = rdec;
see eqs. 3.11 and 3.12); the dark region corresponds to the expected upper limit
of � 1 pc cm� 3. The values of� q and� q required to produce an emission peak at
� pk = 1 GHz, for different _m 2 [1; 105], are represented by the central yellow-
violet “emission contours” (see eq. 3.14). For a given_m, the allowed range of� q

and� q consists of the regions to the left of the intersection of the corresponding
emission contour with the DM=1 pc cm� 3 band, and above therdec = r c line.
Throughout, we assume� = 1, � q = 1, f � = 10� 3, �are durationt f � tmin = 1 ms,
redshiftz = 0, f b� 70= _m2, andm� = 10. . . . . . . . . . . . . . . . . . . . . . . 153

3.4 Top panel: the relationship between the BH-companion star orbital period (Porb )
and the LT precession period (PLT ) of an inner thick accretion disk. The band
covered between the solid black lines represents the range ofPLT values for a
�ducial case: M � = 10M � ; a� = 0:9; q = 1:0. The upper and lower limits of
PLT (Porb ) are set by the nature of the disk out�ows—RIAF-like and negligible
out�ow—parameterized byp = 0:7 andp = 0, respectively (see eqs. 3.18 and
3.30). The region covered between the green (dotted), blue (dashed-dotted), and
pink (dashed) bands denotes the independent variation ofa� (= 0 :3), q(= 0 :1), and
M � (= 104M � ), respectively, from the �ducial case. The observed� 160 d peri-
odicity in FRB 121102 and the� 16 d periodicity in FRB 180916—corresponding
to PLT in the paradigm presented here—are denoted by brown horizontal lines
connecting the left and right facing triangles. The green squares denote the peri-
odicities observed in ULXs, where we interpret the observed super-orbital periods
asPLT . The represented ULXs are: NGC 7793 P13 (Motch et al., 2014), SS 433
(Abell and Margon, 1979), M82 X-2 (Bachetti et al., 2014; Brightman et al., 2019),
M51 ULX-7 (Rodríguez Castillo et al., 2020; Brightman et al., 2020), NGC 5907
ULX-1 (Walton et al., 2016; Israel et al., 2017), NGC 5408 X-1 (Grisé et al., 2013).
Bottom panel:the distribution of orbital periods of bright Galactic X-ray binaries
(LX > 1038 erg s� 1; gray) obtained from the WATCHDOG catalog (Tetarenko et
al., 2016). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
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3.5 A curved quiescent jet cavity (blue bands) is bent toward its earlier orientation
(gray cone) due to the drag of the precessing disk winds (brown) at a scale ofrw

(eq. 3.33). The FRB-emitting �aring ejecta (red bands) are launched along the
instantaneous jet axis (red vertical line with arrow), and propagate into an asym-
metric (spirally curved) upstream medium. The radio frequency of the burst de-
pends on whether the �are interacts with the core or sheath of the quiescent jet.
The varying properties of the quiescent jet (� q and� q; e.g., Tchekhovskoy et al.
2008), and the resulting synchrotron maser's peak frequency� pk (eq. 3.31) as a
function of angle� from the jet axis, are represented by the schematic at the top-
left corner. The larger interaction region of the �are with the sheath of the jet
implies that the observed phase window of the low-frequency bursts is wider than
that of the higher-frequency bursts. The shock deceleration radiusrdec (eq. 3.12)
is shorter for �ares interacting with the spine of the jet compared to the interac-
tion produced near the sheath. This implies that the high-frequency bursts lead
the lower-frequency ones, and are shorter in burst width than the lower-frequency
ones (tFRB � rFRB =(2� 2c); Metzger et al. 2019). This frequency-dependent phase
window, and the arrival times of bursts, are shown by dividing the jet into three
regions, and the corresponding detection phase windows (arbitrary normalization)
are represented in the schematic at the top-right corner. . . . . . . . . . . . . . . . 155

3.6 Left panel: the stellar mass and the star formation rate (SFR) of the host galaxies
of ULXs (green circles; Kovlakas et al., 2020) and FRBs (brown stars; Heintz et
al., 2020), in comparison to a sample of �eld galaxies from the PRIMUS catalog
(gray; Coil et al., 2011). The gray dashed lines denote the contours of speci�c SFR.
The top and right panels denote the distribution of stellar mass and SFR, respec-
tively; dark gray, brown, and green histograms represent the PRIMUS sample, the
FRB hosts, and the ULX hosts, respectively.Right panel:the stellar mass and the
metallicity of the host galaxies of ULXs and FRBs in comparison to a sample of
Sloan Digital Sky Survey (SDSS) emission line star-forming galaxies (gray; e.g.,
Fig. 9 of Heintz et al. 2020). The solid and dashed gray curves denote the empir-
ical mass-metallicity relations (Maiolino et al., 2008) for redshiftsz = 0:07 and
andz = 0:7, respectively. The local (. 60 pc) metallicity of FRB 180916 (Ten-
dulkar et al., 2021) is also marked for comparison. The top and right panels denote
the distribution of stellar mass and metallicity, respectively; dark gray, green, and
brown colors represent the SDSS sample, ULX hosts and FRB hosts, respectively. 156

3.7 The distributions of the projected physical offsets of ULX (solid green) and FRB
(brown) sources from their respective host galactic centers are represented by the
solid green and brown histograms, respectively. The dotted green histogram cor-
responds to the de-projected offsets of ULXs, for comparison. FRB offsets are
obtained from Heintz et al. (2020, and the references therein), and ULX offsets are
calculated from the HECATE-ULX catalog (Kovlakas et al., 2020). . . . . . . . . 157
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3.8 Luminosities of the persistent radio (upper panel) and optical (lower panel) coun-
terparts to FRBs (brown) and ULXs (green) against their respective radio burst or
X-ray luminosities (horizontal axis). Detections and upper limits are shown with
squares and upside down triangles, respectively. Persistent radio counterparts and
the X-ray luminosities of the represented ULXs are obtained from Kaaret et al.
(2003), Miller et al. (2005), Roberts et al. (2006), Mezcua et al. (2013a,b), Sutton
et al. (2013b,a), Luangtip et al. (2016), and Earnshaw et al. (2019). The persistent
FRB radio luminosities are obtained from Yang et al., 2020 (and the references
therein), and the ULX persistent optical counterparts are calculated from the re-
ported optical magnitudes for Holmberg IX X-1, NGC 5204 X-1 (Pakull and Miri-
oni, 2002), Holmberg II X-1 (Lehmann et al., 2005), HLX-1 (Soria et al., 2010),
NGC 6946 (Kaaret et al., 2010), NGC 4559 X-10, and NGC 4395 ULX-1 (Vi-
nokurov et al., 2018). The isotropic-equivalent luminosity of the persistent optical
counterparts to FRB 121102 and 180916 are calculated from the optical magni-
tudes reported in Chatterjee et al. (2017) and Tendulkar et al. (2021), respectively.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
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4.1 Schematic diagram of the disk wind/jet-in�ated nebula. The central black circle
denotes a compact object (black hole or neutron star) accreting matter at near or
exceeding super-Eddington rate from a companion star (not shown here) under-
going thermal- or dynamical-timescale mass transfer. The radiatively inef�cient
accretion disk `puffs-up' to resemble the advection dominated in�ow-out�ow so-
lution (ADIOS; Blandford and Begelman 1999). Such disks are subject to strong
out�ows in the form of wide-angled disk winds, which feed mass and energy into
the large-scale environment, and helps shape the polar accretion funnel and the jet
cavity. The wind-fed ejecta shell drives a forward shock (solid grey curve) into
the ambient circum-stellar medium (CSM, of density� csm) that is separated from
the ejected shell/shocked disk-jet winds (dashed grey curve; at a distanceR given
by Eq. 4.10) by a contact discontinuity (dotted grey curve). The top-left inset
shows how the jet `head' and the disk winds feed matter into their environment
and shape-up their surroundings. Yellow wiggles emanating from the jet cavity
represents an FRB-like coherent radio pulse beamed along the instantaneous jet
axis (refer to Sridhar et al. 2021b for a detailed schematic and its emission mecha-
nism). The radio pulse travels through a nebula of electrons (green cloud) gyrating
around the local magnetic �eld that imparts a large rotation measure (RM) to the
pulse; the electrons cool via various radiative and expansion losses (Sec. 4.2.3),
generating persistent synchrotron radio emission. These electrons are energized
and injected into the nebula by the shock formed at the jet - CSM/wind-shell inter-
face (Sec. 4.2.3). The location of this termination shock determines the boundary
of the nebula (with a `size'Rn; Eq. 4.28). The asymmetric/bipolar shape of the
nebula is the result of the higher ram pressure of the jet/disk out�ows along the
polar accretion axis (with velocitiesvj � vw) and within the precession cone of
the jet (possibly responsible for imparting periodicity in the active FRB phase).
The �lamentary green structure underlying the schematic is an actual image of the
Westerhout 50 (W50/`Manatee') nebula surrounding the Galactic ULX-like micro-
quasar SS 433, obtained with NRAO's Karl G. Jansky Very Large Array (VLA)
and NASA's Wide Field Survey Explorer (WISE; Wright et al. 2010). Credit for
the actual image of the W50 nebula: NRAO/AUI/NSF, K. Golap, M. Goss. . . . . . 164
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4.2 Critical timescales in the evolution of ULX hyper-nebulæ as a function of the mass-
transfer rate _M in units of the Eddington rate_MEdd � LEdd =(0:1c2) for an as-
sumed accretor massM � = 10M � and donor massM ? = 30M � . The bottom-left
panel is computed for the �ducial model (parameters listed along the top-right
side), and the right panels present the critical timescales for models with a dif-
ferent vw = 0:003c (top) and� = 1 (bottom), but otherwise the same set of
remaining �ducial parameters. Different lines and regions denote the following.
(1) brown-solid line: maximum active timetactive (Eq. 4.3); (2) red-dotted line:
duration of free-expansion phase,t free (Eq. 4.9); (3) blue-dot-dot-dotted line: the
time t > t �

thin after which radio emission (at 1 GHz) is no longer attenuated by
free-free absorption (i.e.,� � < 1; Eq. 4.14); (4) green-dashed line: the timet > t fs

cr
after which the forward shock becomes radiative (Eq. 4.18); (5) purple dash-dotted
line: thermal electrons entering nebula cool ef�ciently via synchrotron emission
at timest < t syn

cr during free expansion regime andt > t syn
cr during decelerating

regime (Eq. 4.48). Grey shaded regions show the maximum time derivative of the
dispersion measure (DMsh) through the wind ejecta shell (Eq. 4.12). Note that
synchrotron cooling is ef�cient for the entire presented range of duration (1-106 yr)
and _M= _MEdd (101 � 107) for thevw = 0:003cmodel. The top-left panel is the frac-
tional FRB luminosity distribution calculated from the �rst CHIME catalog; solid
black histogram represents all the bursts, red-dotted histogram represents the �rst
burst from repeaters, and the green-dashed histogram represents the non-repeaters
(CHIME/FRB Collaboration et al., 2021): the FRB luminosity is along the top
horizontal axis and the minimum required mass-transfer rate along the bottom axis
(following Eq. 4.4, adopting the �ducial but uncertain values for the radiative ef�-
ciency and beaming). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

4.3 Colored contours show the thermal X-ray luminosity (Eq. 4.22) powered by the
forward shock of ULX nebulæ as a function of the mass transfer rate_M= _MEdd for
the same parameters as in the left panel of Fig. 4.2. The forward shock initially
expands freely, before beginning to decelerate att > t free (Eq. 4.9). Black dot-
ted contours denote the temperature of the gas heated behind the forward shock
(Eq. 4.15). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
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4.4 Evolution of various intrinsic properties of the nebula (for the �ducial model with
parameters listed in the �gure title). Top-left panel: orange curves show the num-
ber of electrons in the nebula (N=1050; Eq. 4.29), red curve shows the magnetic
�eld strength in the nebula (Bn; Eq. 4.45), green curve shows the radius of the
nebula (Rn; Eq. 4.28), and the blue curve shows its expansion velocity (vn =
dRn=dt). The grey-dotted and -dashed vertical lines demarkate the critical times
t free (Eq. 4.9) andtactive (Eq. 4.3). The approximate power-law temporal depen-
dence of the parameters at different phases of the nebular evolution are also de-
picted with color-coding. Top-right panel: The energy distribution (dN=d
 = N 
 )
of the electrons in the nebula at different times (color-coded; see Eq. 4.29). The
distributionsN 
 at the critical timest free andtactive are denoted by grey-dotted and -
dashed curves, respectively. The color-coded markers at the top denote the electron
Lorentz factor,
 syn, below which synchrotron cooling is inef�cient on the nebula
expansion time; the direction of the markers indicate the direction in which
 syn

evolves with time; the turnover happens att � t free. The four panels in the bottom
show the different components of electron energy losses included in our calcula-
tion (synchrotron, inverse-Compton, adiabatic, bremsstrahlung, from left to right;
Eq. 4.33) for electrons with different energies
 , at different times (color-coded);
note that_
 IC =_
 � 10� 4 for t > 102 yr (not shown because it falls below the plotted
range). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

4.5 Spectral energy distribution of the thermal synchrotron emission from the nebula.
Each panel shows the spectrum at times 1 yr (purple), 100 yr (green), and104 yr
(brown). The �ducial model (whose parameters are listed in the �gure title) is
represented with solid curve, and the dotted and dashed curves in different panels
represent changes to one of the parameters from the �ducial model (vw in the �rst
panel,vj in the second panel,� j in the third panel, and� in the fourth panel). In
each panel, the �ducial model (whose parameters are listed in the �gure title) is
represented with solid curve, and the dotted and dashed curves in different panels
represent changes to one of the parameters from the �ducial model (vw in the �rst
panel,vj in the second panel,� j in the third panel, and� in the fourth panel). . . . 188

4.6 Time evolution of observable parameters of the nebula for the same models shown
in Fig. 4.5. Top panels show the light curve (�L � ) at frequencies 1 GHz (purple),
10 GHz (green), and 100 GHz (brown); the bottom panels show the maximum ro-
tation measure (jRMjmax ; black) and the local dispersion measure (DMneb; blue).
The grey dashed and dotted vertical lines in each panel denote the active lifetime
of the system (tactive ; Eq. 4.3), and the transition timescale from free to self-similar
expansion (t free; Eq. 4.9), respectively, for the �ducial model (t free � 2:2 � 103 yr
for the vw = 0:003c model). The temporal dependence of the �ducialjRMjmax

(black) and DMneb (blue) at different stages of the evolution is mentioned in the
bottom panels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
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4.7 Left panel: 3 GHz radio light curves; the grey-dashed line is representative of the
/ t0:6 time dependence that the light curves show. Middle panel: time evolu-
tion of jRMjmax . Right panel: 2–4 GHz spectral index� , where the �ux density,
S� / � � � ; the vertical error bars—barring their location along the time axis—
are representative range of spectral indices for various astronomical sources (red:
FRBs, brown: GRBs, orange: pulsar wind nebulæ, grey: supernovæ and tidal dis-
ruption events). In all the panels, the color of the curves denote different_M= _MEdd ,
with the other �ducial parameters listed in the �gure title; dotted vertical lines and
the downward pointing triangles denote the critical timestactive (Eq. 4.3) andt free

(Eq. 4.9), respectively, for each model. The colored circles denote the parameter
value attpk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

4.8 Left panel: Radio (3 GHz) detection horizon (Eq. 4.54). Thin and thick curves
correspond to models withvj = 0:1c andvj = 0:5c, respectively; dotted vertical
lines and the downward pointing triangles denote the critical timestactive (Eq. 4.3)
andt free (Eq. 4.9), respectively, for each model. The black circles scattered along
the curves denote the times when the source will be detected as a transient by
VLASS (see Sec. 4.4.1 for the criterion). Right panel: Number of detectable radio
(3 GHz) sources as a function of the active duration of the system (tactive ; Eq. 4.3),
considering separately the total number of sources (Eq. 4.53; solid markers) and
just those that will be detected as transients in VLASS (Eq. 4.55; hollow markers),
for an assumed rateR = 100 Gpc� 3 yr� 1. The upward-and downward-pointing
triangle markers denote models withvj = 0:1c andvj = 0:5c, respectively. The
calculations are performed with parameters (listed in the �gure title); the color-
coding denotes different_M= _MEdd . . . . . . . . . . . . . . . . . . . . . . . . . . 193
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4.9 Application of the model for disk-wind in�ated ULX radio hyper-nebulæ to FRB
sources. The left panel shows the observed spectra of the persistent radio source
counterparts to FRB 20121102 (black circles; observed with VLA in 1.6-22 GHz
range by Chatterjee et al. 2017 and with GMRT in 0.4-1.4 GHz range by Resmi et
al. 2021), and FRB 20190520B (red diamonds; observed with FAST in 1.3-6 GHz
range by Niu et al. 2021), respectively. The solid curves are the synchrotron ra-
dio spectra calculated for a grid of models with parameters listed in the �gure title,
with the following differences: going from blue (left) to indigo (right) curves,vj in-
creases from0:15c� 0:4c, "e increases from0:15� 0:8, and� decreases from1� 0:4
(such that the jet luminosityL j / �v 2

j remains roughly �xed). Middle panel shows
a �t to the observed data with models (red solid curve for FRB 20190520B and
black solid curve for FRB 20121102) obtained by performing a weighted-sum
of the grid of models in the left panel. The right panel shows thejRMjmax of
FRB 20121102 (black circles; Michilli et al. 2018; Hilmarsson et al. 2021) and
FRB 20190520B (red diamond; Niu et al. 2021; Anna-Thomas et al. 2022; Feng
et al. 2022) at different times. The black and blue solid curves denote the local
nebular contribution to thejRMj and DM calculated for the model corresponding
to the green spectral curve in the left panel (more details in the text, Sec. 4.4.2).
The vertical grey dotted and dashed lines denote the ejecta free expansion timescale
(t free; Eq. 4.9) and the active timescales of the system (tactive ; Eq. 4.3), respectively.
The insets in the middle and the right panels offer a zoomed-in view of the region
around the observed data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

5.1 Solid, dashed, and dotted curves show the properties of the forward shock, wind
termination shock, and jet termination shock, respectively. The colors denote dif-
ferent accretion rates. The time evolution of the shock power (Eq. 5.8) is shown in
the top panel, and the bottom panel shows the shocks' radiative ef�ciency (Eq. 5.12).
The left-facing triangles at the bottom frame denote the active lifetime of the ac-
creting engine (Eq. 5.1), and the downward-facing triangles at the top frame denote
the free-expansion timescale of the shock (Eq. 5.2). . . . . . . . . . . . . . . . . . 215

5.2 Top panel:Different timescales of the system for our �ducial model with_m = 105

(solid curves); dotted and dashed curves represent_m = 103 and _m = 107, respec-
tively. Pink curves denote the hypernebula expansion timescale (Eq. 5.5); yellow
curves denote the light-crossing timescale of the hypernebula (tcross = R=c), and
the black curves denote the time particles take to laterally cross the X-ray emis-
sion cone (Eq. 5.25). Dark and light blue curves denote the interaction timescale
of protons between thermal and nonthermal photons (Eq. 5.26), respectively. Dark
brown curves denote the hadronic (pp) interaction timescale (Eq. 5.27). The over-
all pion creation timescale (Eq. 5.28), not shown here, overlaps witht th

p
 at earlier
times, and withtpp at later times, when applicable (e.g., for_m = 103). Bottom
panel: Neutrino production suppression factor for different accretion rates for the
�ducial model (Eq. 5.30). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
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5.3 Limitations on the proton and neutrino energies. Solid curves represent the max-
imum proton energy (Eq. 5.35); the corresponding maximum attainable neutrino
energy is denoted by dotted curves. Dashed curves denote the minimum attain-
able neutrino energy through the photomeson process (Eq. 5.37). Different colors
represent different accretion rates. The left-facing triangles in the lower frame rep-
resent the active duration of the engine (tactive ; Eq. 5.1) for different _m, and the
bottom-facing triangles along the upper frame mark the end of the free expansion
of the shell (t free; Eq. 5.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

5.4 Background UV/X-ray photon number density near the location of the JTS. Solid
curves represent the disk blackbody photons (Eq. 5.19), dashed curves represent
the Compton upscattered nonthermal photons (Eq. 5.20), and the dotted curves
represent the free-free X-ray photons (Eq. 5.21). Different colors indicate different
accretion rates. The left-facing triangles in the lower frame represent the active
duration of the engine (tactive ; Eq. 5.1) for different_m, and the bottom-facing tri-
angles along the upper frame mark the end of the free expansion of the shell (t free;
Eq. 5.2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

5.5 Solid, dashed, and dotted curves show the temporal luminosity evolution of jet ter-
mination shock (Eq. 5.8), and the protons and neutrinos energized there (Eqs. 5.32
and 5.40), respectively. Different colors represent different accretion rates. The
left-facing triangles in the lower frame represent the active duration of the engine
(tactive ; Eq. 5.1) for different _m, and the bottom-facing triangles along the upper
frame mark the end of the free expansion of the shell (t free; Eq. 5.2) . . . . . . . . . 231

5.6 All-�avor HE diffuse background neutrino spectra. The IceCube measurements
shown are from the 7.5 yr high-energy starting event sample (grey markers; Ab-
basi et al., 2021), 6 yr high-energy cascades (turquoise markers; Aartsen et al.,
2020), and the 5 yr Glashow resonance (pink markers IceCube Collaboration et
al., 2021). For comparison, theFermi extra-galactic isotropic gamma-ray back-
ground is shown with green markers (Ackermann et al., 2015). Error bars and
upper limits represent 68% con�dence intervals. The 10 yr sensitivity limits of
current (IceCube, in light maroon, is based on detected neutrino events; Aartsen
et al. 2013) and future (Trinity with 18 telescopes: light green; Nepomuk Otte et
al. 2019, IceCube-Gen2 : grey; IceCube-Gen2 Collaboration et al. 2014; Aartsen
et al. 2021, GRAND with 200,000 stations : light gold; Álvarez-Muñiz et al. 2020)
neutrino detectors are also provided for comparison.Left panel:Solid curves are
the total volume-integrated neutrino �ux during the active lifetime of hyperneb-
ula obtained for models with different accretion rates (color-coded) but otherwise
the same �ducial parameters (vw = 0:03c; vj = 0:3c; n = 10; � j = 0:1; � = 0:5;
see §5.2 for more details). Dashed and dotted curves represent the contribution of
photomesonic (p
 ) interaction with thermal and non-thermal photons, respectively,
and dash-dotted curves denote the contribution of hadronic interactions (pp). The
maximum neutrino energies for different_m are color-coded and marked as down-
facing triangles along the top frame. . . . . . . . . . . . . . . . . . . . . . . . . . 235
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5.7 Neutrino �ux for a range of volumetric ratesR 0 (y-axis) from accretion-powered-
hypernebulae with different_m (bottom x-axis), with other parameters following
our `best �t' (see §5.4.2, and Appendix E.2); the top x-axis denotes the active
timescale (Eq. 5.1) for a given_m. The solid, dashed and dotted curves represent
the model �uxes in 10 TeV, 100 TeV, and 1 PeV, normalized to the observed �uxes
of 10� 7; 4� 10� 8; and 2� 10� 8 GeV s� 1 cm� 2 sr� 1, respectively. Red, yellow, and
green contours denote the parameter space that can supply 1%, 10%, and 100%
of the observed �ux. The top grey region denotes the parameter space excluded
based on the volumetric rate constraint ofR 0 . 103 Gpc� 3 yr � 3 set by the rate of
common envelope events involving compact objects (Schrøder et al., 2020). The
right grey region is excluded because extreme_m events fail to produce neutrinos as
their maximum proton energies (Emax ; Eq. 5.35) is less than the minimum required
proton energy to produce neutrinos upon interaction with even the higher-energy
nonthermal photons (Eq. 5.23). . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

5.8 Optical depths of various interactions to gamma-ray photons with different en-
ergies. Solid and dotted curves are at timest = tactive (Eq. 5.1) andt = t free

(Eq. 5.2), respectively, for our �ducial model, but with the more relevant_m = 107

case. Orange and yellow curves represent

 ! e� e+ pair production with the ac-
cretion disk thermal (Eq. 5.50) and nonthermal Comptonized photons (Eq. 5.51),
respectively; Bethe-Heitler interaction with the ions in the ejecta is represented
by red curves (Eq. 5.46); green curves represent the Compton down-scattering in
the Klein-Nishina regime with electrons in the ejecta (Eq. 5.45), and the interac-
tion with extragalactic background light (EBL) and cosmic microwave background
(CMB) radiation, for source at a redshiftz = 0:2, is represented by maroon curves:
the energies where EBL and CMB interactions dominate are noted near the top
frame of the �gure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
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6.1 A schematic diagram of the binary merger-induced accelerating pulsar wind, and
the associated radio emission (
 radio ). Top panel (a) shows the system from an
equatorial plane (side view), where the magnetic �eld lines of the strongly mag-
netized pulsar (left sphere) are seen to be opened to in�nity by the orbital motion
of the primary or by interaction with the companion star (right sphere; NS or a
BH) at a binary separation radiusa, well within the light cylinder of the rotating
magnetically-dominated pulsar. The binary wind is ejected opposite to the strongly
magnetized star (at a given time), whose Lorentz factor (� wind ) increases with de-
creasing binary separation,a. The binary wind, over several orbits, traces a spiral
pattern beyonda, that can be noticed from a top view of the system (panel b).
It is the interaction of the smallest yet fastest spiral at the end of the binary in-
spiral phase with the earlier emanated larger yet slower spiral wind, that causes
the formation of a forward shock at radius� a, and the associated coherent ra-
dio emission via synchrotron maser process. Note that the inspiral wind, and the
shock emission are beamed along the orbital equatorial plane, and the direction of
both the NS dipole moment (~� ) and the orbital angular velocity (
 orb ) are roughly
normal to the plane of emission. . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

6.2 Time evolution of the properties of the injected binary wind in our simulations,
meant to mimic the �nal stages of a neutron star merger. Quantities shown include
the [a] binary semi-major axis; [b] mass-loss rate, [c] wind power, and [d] bulk
Lorentz factor of the inspiral wind. The quantities in panels [a], [b] and [c] are
normalized by their initial values—de�ned at the binary separation ofa0 = 3af =
6Rns. The vertical dashed line denotes the time for the merger (tm;0) from an initial
separation ofa0, and the dotted black vertical lines denote the time when the central
engine is turned off(tm;0 � t f ). The colors (red – blue) depict different assumptions
for the wind mass-loss power law indexm 2 [3; 7] (see Table 6.2) . . . . . . . . . 269

6.3 Snapshots of the radial pro�les of hydrodynamical quantities demonstrating the
self-interaction of the inspiral-driven wind from them6a10model (m = 6; a0=af =
10). To follow the narrow shock structure, we employ an Eulerian radial coordinate
R � (r � r � )=rin , wherer � is the location of the peak density, andr in is the inner
edge of the simulation box. Panel [a]: Comoving density (� ); Panel [b]: Pressure
(P); Panel [c]: Entropylog(P=� 
 ) where
 = 4=3 is the adiabatic index. Panel
[d]: Bulk Lorentz factor.� andP are multiplied byr 2 in order to compensate for
their secular radial evolution in spherical coordinates. Vertical black dash-dotted
lines (atR = 0) denotes the location of the peak density, while dashed vertical
lines denote the location of the forward shock. The density and pressure are shown
in code units (but are scaled to physical units when calculating radio light curves).
Different colored lines denote different snapshots in timet � tm;0 after the merger.
The inset in each panel shows a zoomed-in view aroundr � (� 0:15 � R � 0:15). . 273
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6.4 Evolution of shock properties for different models of the inspiral wind (see Table
6.2), with respect to time in lab frame. Shock properties corresponding to fast shell
coasting into pristine upstream medium (m = 6) are denoted by the black curves,
and the red curves (m = 5) are representative of them < 5:5 regime wherein a de-
celerating fast shell drives through a pre-shocked upstream medium (see Table 6.1).
The simulations are performed for an initial inspiral separation ofa0=af = 10. The
top panel [a] denotes the upstream rest-frame mass density—corresponding to the
earlier discharged inspiral wind—as intercepted by the forward shock; panel [b]
shows the shock Lorentz factor; panel [c] shows the evolution of the peak of the
synchrotron maser emission in observer frame; panel [d] depicts the �uence evolu-
tion of the burst—measured from the shock luminosityLe, and panel [e] illustrates
the speci�c internal energy of the upstream medium entering the forward shock.
n� ; � pk andLe � t are denoted in arbitrary units, and" � in units ofc2, as de�ned in
§6.3.2. In panels [a], [c] and [d], the black dotted lines represent the agreement of
the (m = 6) simulation results with the analytical estimates—corresponding to the
labelled equations in §6.2.2. Red-dotted lines in all the panels, and the black dotted
lines in panel [b] denote an empirically �tted powerlaw slope for respective shock
properties. The moment of merger is denoted by the vertical black-red dashed line
(for both the models,m5a10andm6a10). The red band at35 . t [s] . 42denotes
the reverse shock crossing phase in them5a10model. . . . . . . . . . . . . . . . . 277

6.5 Schematic illustration of how light curves in different radio frequency bands are
calculated by post-processing the time-dependent shock properties of ourm6a10
simulation (Fig. 6.4). Each row corresponds to a different snapshot in time (top:
tobs � 0:03 s, middle: tobs � 0:06 s, bottom: tobs � 1:5 s). Left column: The
spectral energy distribution�L � (in arbitrary units) of the synchrotron maser emis-
sion from magnetized shocks based on particle-in-cell (PIC) simulations (Plotnikov
and Sironi, 2019), calculated assuming magnetization� = 0:1 in the inspiral wind.
The frequency axis is normalized to the upstream plasma frequency� p, whose val-
ues at different times are indicated at the top right corner of each panel. Colored
regions denote the contribution of particular frequency bands to the overall spec-
trum (red: 0.5–1.0 GHz, green: 1.0–2.0 GHz, blue: 2.0–3.0 GHz). As the shock
moves outwards through lower density material,� p decreases and the� obs moves
up the high-frequency tail of the maser SED.Right column:Radio light curve in
each frequency band shown on the left (same color coding). The time of merger
is denoted by vertical dashed lines, while the dotted line shows the analytically-
predicted power-law decay of the bolometric luminosity (Eq. 6.30). . . . . . . . . . 278
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6.6 Synthetic dynamic spectra (`waterfall plots') of FRBs, showing radio �ux (in ar-
bitrary units) as a function of observer frame frequency and time for them6a10
model—as in Fig. 6.5—in the left column (a), andm5a10model in the right col-
umn (b). All times indicated are in the post-merger phase. In columns (a) and
(b), the upper panel shows the 0.1–1.3 GHz frequency-integrated radio light curve,
and the bottom right panel shows the time-integrated energy spectra. The white
dashed lines represent an approximate frequency drift rate (_� f ) at different times.
Our model does not account for time-of-arrival effects due to different emission
across the shock front, which can smear out some of the �ner sub-burst features. . . 279

6.7 Snapshots of the radial pro�les of hydrodynamical quantities demonstrating the
self-interaction of the inspiral-driven wind, calculated for them5a10model. The
inset in each panel shows a zoomed-in view aroundr � (� 0:02 � R � 0:02). A
description of all the other quantities illustrated here can be found in Fig. 6.3. . . . 280

6.8 Properties of the radio burst precursor as a function of the surface magnetic dipole
�eld of the neutron star (Bd; abscissa) and the peak Lorentz factor of the inspiral
wind ejecta (� f ; ordinate). The energy (EFRB ) and the duration of the radio burst
(tFRB ) are depicted by the colored bands and black solid line contours, respectively
(Eqs. 6.35 and 6.31). The color-faded regions in the top-left and bottom-right
corners of the plot constitute those values of� f andBd, for which no observable
FRB emission is possible. The emission withtFRB . t f � 1 ms is suppressed due
to the observing frequency� obs being smaller than the peak frequency of the maser
spectrum� pk (Eq. 6.32), and attFRB & 500ms, the assumptions of our model may
break down due to the potential interaction of the fast shell with the isolated pulsar
wind (of assumed spin periodP = 0:1 s; Eq. 6.33). TheEFRB andtFRB contours
are calculated assuming a maser ef�ciencyf � = 10� 3, geometric beaming fraction
f b = 0:1 and observing frequency� obs = 1:0 GHz (left �gure), and� obs = 0:1
GHz (right �gure). The wind mass-loss rate is modelled by a power-law with an
indexm = 6, corresponding to a coasting fast shell of ejecta meeting unshocked
inspiral wind. The white dashed line in the right panel (b) is set by the observed
�uence upper limits to prompt radio emission that accompanied the short gamma
ray bursts GRB150424A (Kaplan et al., 2015) and GRB170112A (Anderson et al.,
2018). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
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A.1 Plasmoid properties in a strongly magnetized (� = 40) plasma, as a function of
their widthw=Lx and of the cooling strength
 cr (red: 
 cr = 16, green:
 cr = 22:6,
blue: 
 cr = 32, golden brown:
 cr = 45). The simulations are performed with
a L x=(c=! p) = 3360 box, and each of the quantities displayed is averaged over
2 . T=(L x=c) . 5. Top panel [a]: Each circular marker denotes the 90th per-
centile of plasmoid dimensionless 4-velocities for plasmoids of a given size. The
solid black and colored lines indicate the upper limit in the absence (Eq. A.1) and
presence (Eq. A.2) of IC cooling, respectively. For comparison, the Alfvén limit
is shown by the dashed horizontal line.Middle panel [b]: Cumulative distribution
of plasmoid widthsF (w) = d N=d log w. The expectationsF (w) / w0 (Huang
and Bhattacharjee, 2012) andF (w) / w� 1(Uzdensky et al., 2010; Loureiro et al.,
2012) are depicted by the grey dotted and dashed lines, respectively.Bottom panel
[c] : Internal energy per particle (in units ofmec2 = 511 keV), averaged over all
the particles inside a plasmoid. The �lled circles denote the median values for a
given plasmoid width, and the error bars denote the 10th and 90th percentiles. . . . 363
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Chapter 1: Introduction

1.1 The Glowing Life of Compact Object Binaries

Observations and theoretical modeling have shown that most of the stars in the Universe belong

to a binary (or a higher-multiplicity system; Sana and Evans, 2011; Duchêne and Kraus, 2013;

Dunstall et al., 2015; Guszejnov and Hopkins, 2015; Offner et al., 2022) orbiting around each other

under the in�uence of a mutual gravitational attraction. The orbital separation could decrease due

to gravitational radiation, stellar winds, among other factors (Pylyser and Savonije, 1988); this

enables the stars to exchange mass, thereby altering each other's evolutionary pathways. Such

interacting stars can be brought together either by isolated binary evolution channel, or through

dynamical capture channel (Postnov and Yungelson, 2014).

If one of the stars in a binary has a mass in the range8M � . M ? . 40, it would ignite

carbon and oxygen non-degenerately and does not leave a white dwarf, instead, it forms a neutron

star at the end of its life in a supernova explosion. More massive stars (M ? & 40) could form

`stellar mass' black holes either by fallback of the supernova ejecta or by the direct collapse of the

iron core (Woosley et al., 2002). Compact object binaries are those systems that comprise a black

hole or a neutron star orbiting a non-degenerate stellar companion. These systems are key to our

understanding of physics at extreme gravity (Psaltis, 2008). Such environments make them rich

laboratories to study some of the most energetic and enigmatic astrophysical phenomena known or

unbeknownst to us. A �rm theoretical understanding of the interactions in compact object binary

populations in different stellar ensembles is crucial to interpreting the highest-energy astrophysical

events we observe in our Universe.

Compact objects that accrete mass from their companion stars in close-binary systems form a

disk of infalling material around them and can be seen as bright X-ray sources, and thus are called
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`X-ray Binaries' (XRB; Shakura and Sunyaev, 1973). Depending on the mass of the donor star,

XRBs are broadly classi�ed into (1) low-mass XRBs, where the mass of the donor is less than the

mass of the compact object, and the donor star accretes matter onto the compact object by �lling

its Roche Lobe (Paczyński, 1971), and (2) high-mass XRBs, where the donor is a massiveO or B

type (supergiant) star that accretes matter in its stellar wind onto the compact object predominantly

through the Bondi-Hoyle-Lyttleton mode (Hoyle and Lyttleton, 1939; Bondi and Hoyle, 1944).

Galactic XRBs are typically observed as transient1 X-ray sources during their periods of out-

bursts (presumably due to disk thermal instabilities; Lasota, 2001) that last anywhere from a

few weeks to months. XRBs, during outbursts, exhibit a rich phenomenology of spectral/timing

variability in their electromagnetic emission and are also observed to be sources of collimated

magnetically-dominated bipolar relativistic jets and large-angled accretion disk winds (Mirabel and

Rodríguez, 1999; Fender et al., 2004b). The X-ray spectrum is dominated by a multi-temperature

quasi-blackbody emission from the accretion disk during the peak of an outburst and is dominated

by a hard, nonthermal component during the onset and fading phases of an outburst (Belloni and

Motta, 2016). The latter is believed to be produced by acoronathat Compton upscatters soft X-

ray photons to a hard, nonthermal distribution.The origin, geometry, and energization of the

Comptonizing corona have been one of the long-standing questions in astronomy (White and

Holt, 1982).

The peak luminosity during an XRB outburst described above is typically sub-Eddington.2

Long and van Speybroeck, 1983 discovered X-ray sources in the star-forming arms of spiral galax-

ies with luminosities surpassing the Eddington limit for stellar-mass black holes. Such sources

were later termed `Ultra-luminous X-ray Sources' (ULXs). One of the possible formation channels

for ULXs involves an initially wide binary undergoing a common envelope phase which brings the

binary closer (Rappaport et al. 2005; see also Marchant et al. 2017 for a different channel). Follow-

1Quasi-persistent X-ray sources that do not exhibit multiple orders-of-magnitude changes in their X-ray luminosity
also exist (e.g., Cygnus X-1, LMC X-3, SS 433; Reig and Roche, 1999; Lutovinov et al., 2013).

2De�ned as the accretion luminosity at which the photon pressure balances the gravitational pull exerted by the
compact object on the infalling material. The Eddington limit for a neutron star is� 1038 erg=s, and is� 2� 1039 erg=s
for a 10M � black hole.
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ing this phase, the primary—with its envelope stripped off during the common envelope phase—

collapses to form a black hole, while the giant secondary/donor star (likely in the Hertzprung Gap

or core He burning phase) initiates nuclear or thermal timescale super-Eddington mass-transfer

onto the black hole (see Abdusalam et al. 2020 for a potential formation channel for neutron star

ULXs).

In black hole XRBs, relativistic radio jets are seen primarily during the low accretion states.

However, this observation does not necessarily mean that super-Eddington sources like ULXs can-

not power radio jets. In fact, radio jets and �ares have also been observed from potential ULXs

ESO HLX-1 (Webb et al., 2012), XMMU J004243.6+412519 in M31 (Middleton et al., 2013).

Such jets are also responsible for imparting the elongated shape of the nebulae seen around ULXs

(e.g., SS 433 in our Galaxy; see Kaaret et al., 2017; King et al., 2023, for a review).Such �aring

jets, if pointed along our line of sight (`microblazar') could be sources of a potentially novel

class of radio transients.

As the stellar companion in a ULX evolves past main sequence, its envelope becomes fully

convective approaching the Hayashi track. The adiabatic response of the star to mass loss can lead

to dynamically unstable mass transfer, which ends up in a second common envelope event engulf-

ing the accreting compact object (MacLeod and Loeb, 2020a). The super-Eddington mass transfer

presaging common envelope is predicted on theoretical grounds to be accompanied by powerful

out�ows of mass and energy in the form of wide-angle disk winds and collimated relativistic jets

(e.g., Blandford and Begelman 1999, Sadowski and Narayan 2015, 2016).Such out�ows are

expected to be much more powerful and shorter-lived (dynamical timescale) than those seen

during the prior ULX phase, and could in�ate a luminous, compact nebula around the ac-

creting system.The transient electromagnetic and multimessenger emission from such a compact,

luminous nebula could act as a signpost to the imminent common envelope event, and eventually,

merging compact object systems.Furthermore, the large-scale shocks surrounding such nebu-

lae could be sites of particle acceleration and sources of high-energy cosmic rays (e.g., as seen

from SS 433; H. E. S. S. Collaboration et al. 2024), and potentially high-energy neutrinos.
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The end phase of the second common envelope evolution is uncertain: possibilities range from

the formation of binary neutron stars or neutron star-black hole binaries (due to the explosion of

naked He stars almost devoid of H-envelope lost during the common envelope phase) to the for-

mation of the hypothetical Thorne-Zytkov objects (Thorne and Zytkow, 1975). The subsequent

orbital evolution of such black hole/neutron star binary systems is solely due to gravitational wave

emission, and ultimately results in the merger of the remnants, detectable by the ground-based

LIGO/VIRGO/Kagra gravitational wave detectors (Tutukov and Yungel'Son, 1993). One of the

goals of multimessenger astrophysics is the discovery of electromagnetic counterparts associated

with gravitational waves emission from the mergers of compact objects (Bartos et al., 2013; Fer-

nández and Metzger, 2016), which in the case of binary neutron star and neutron star-black hole

mergers encodes key information on a number of topics, including the formation and properties of

relativistic jets (Zrake et al., 2018; Kathirgamaraju et al., 2019), the equation of state of nuclear

density matter (Margalit et al., 2019), and the origin of the heaviest elements (Metzger et al., 2015).

Compared to the electromagnetic emission from the post-merger phase, less theoretical work has

been dedicated to studying potential electromagnetic counterparts during the inspiral phase prior

to coalescence.Such `precursor' emission would be of considerable importance as it could

provide unique information on the state of the compact objects just before the merger and

can offer a `heads-up' signal to enable prompt electromagnetic follow-up.

A schematic diagram of a branch of the binary stellar evolution leading to the different phases

mentioned above is depicted in Fig. 1.1.

A plethora of high-energy astrophysical events, some of which are described above, are pow-

ered by relativistic, magnetized out�ows that arise from the interaction of the compact object with

its companion star. Such macroscopic out�ows are expected to be sources of magnetic dissipa-

tion, and consequently, particle energization, through processes such as shocks, turbulence, and

magnetic reconnection (Blandford et al., 2017). While the macroscopic dynamics of the plasma

in a strong gravity regime can be described by the general relativistic magnetohydrodynamics

(GRMHD) framework, the microscopic dynamics of the plasma that determine the observable
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Figure 1.1: Schematic of the different stages in a branch of binary stellar evolution of two main
sequence (MS) stars leading to the formation of black hole (BH)/neutron star (NS) X-ray binaries,
Ultraluminous X-ray sources (ULXs), highly-super Eddington mass-transfer phases leading to hy-
pernebulae, common envelope events, post-common envelope transients (such as Fast Blue Optical
Transients, Luminous Red Novae, type Ib/c or ultrastripped supernovae), and eventually leading to
gravitational wave merger sources. Schematic adopted and modi�ed from Mapelli, 2020.

emission can only be captured using the kinetic description of the plasma. In this dissertation,

I present novel scenarios that predict, and offer explanations to the observed, high-energy elec-

tromagnetic and multimessenger signals due to these magnetized out�ows from compact object

binaries during different stages of their evolution. These scenarios are modeled using analytical

calculations and numerical simulations.
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1.2 Numerical Tools

Astrophysical plasmas span multiple scales, and this poses a major challenge to the idea of

`solving' such non-linear systems, even with modern computational resources. Current plasma

simulations cannot faithfully reproduce a real system, to its scale. Therefore, one attempts to un-

derstand them by,(i) studying the trends in how results change when their physical parameters are

changed (`scaled'), with the idea of extrapolating to a realistic system, and(ii) treating the plasmas

at the largest scales as `�uids', while treating its particulate nature at small scales using a `kinetic'

picture. The research presented in this dissertation involves modeling the interactions prevalent

in compact object binary sources from the microphysics of the emission to the macrophysics of

the environment. Here, we describe how we tackle these scales in our problem using different

numerical techniques.

1.2.1 Kinetic treatment

The environment surrounding a neutron star or regions close to a black hole are magnetically

dominated, where the magnetic energy density is& the rest mass energy density of the matter i.e.,

magnetization� = B 2
0=8��c 2 & 1. Despite its importance, the kinetic effects of particles under

magnetic �elds are often neglected in astrophysics, due to the highly non-linear interplay between

charged particles and the �elds. The most organic way of capturing the microphysics of these envi-

ronments is through the particle-in-cell (PIC) method, where the plasma is modeled as a collection

of charged particles that move in response to the Lorentz force (Buneman, 1993; Spitkovsky,

2005). In this method, the electromagnetic �elds are obtained by integrating Maxwell's equations,

which are sourced by the electric currents of the macroparticles. The obtained �elds are extrap-

olated to the locations of individual macroparticles to compute the Lorentz force, so the loop is

closed self-consistently.

Some of the research reported in this dissertation explores the plasma physics of magnetic re-

connection and the associated plasma instabilities in the regime of magnetically-dominated (� �
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1) plasmas, which are collisionless due to the extremely low density of astrophysical �ows (Chap-

ters 2.1,2.2, 2.3). Fully kinetic PIC simulations are the only computationally-competitive tools to

capture from �rst principles the interplay between charged particles and �elds in the collisionless

and� & 1 regime. We use the codeTRISTAN-MP (Spitkovsky, 2005) for our PIC simulations;

details of the code and the numerical setup are described in the relevant chapters.

1.2.2 Fluid treatment

Although we are broadly concerned with magnetized out�ows in this dissertation, the energy

in the out�ows in certain scenarios may not be magnetically dominant (� < 1). In such cases,

we employ relativistic hydrodynamical simulations (Chapter 6). In regimes where� � 1 and

where the role of gravity plays an important role, we employ GRMHD simulations (Chapter 2.4).

The latter can only deal with� up to a few tens due to the stiffness of the MHD equations at

� � 1. Furthermore, these simulations cannot make any predictions for the non-thermal particle

distribution, or particles' coupling to electromagnetic waves. This is acceptable in scenarios where

we value characterizing the global properties of the plasma more than characterizing individual

particle's properties. For our relativistic hydrodynamical simulations, we use the codeMARA3

(Zrake and MacFadyen, 2012), and the GRMHD simulations are performed using the codeBHAC

(Porth et al., 2017); details of these codes and the numerical setups are described in the relevant

chapters.

1.3 Dissertation outline

The following table outlines the different chapters in this dissertation. Each chapter deals with

a particular stage during the compact binary evolution that is mentioned in the second column. The

key open question that is addressed in each chapter is mentioned in the third column. The fourth

column mentions the most relevant kind of magnetized out�ow (emission engine) that is modeled

in each chapter.
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Chapter # Compact binary stage Key question addressed Emission engine

Chapter 2

X-ray binary with a main se-

quence companion (also ap-

plicable to AGN).

What energizes the Comp-

tonizing corona, and what

are its micro- and macro-

physical properties?

Magnetic reconnection in the

out�owing plasma along the

jet sheath.

Chapter 3

X-ray binary with an

evolved donor star (likely

massive, in the Hertzprung

Gap or core He burning

phase).

What are the observational

manifestations of a puta-

tive microblazar?

Magnetized perpendicular

shocks and magnetic recon-

nection along the beamed

relativistic jet.

Chapter 4

Pre-common envelope stage

with a dynamically unstable

donor star (likely along the

Hayashi track) and a stellar-

mass compact object.

What are the properties

of thehypernebulain�ated

by the super-Eddington

out�ows before the com-

mon envelope stage?

Magnetized shocks created

by the fast collimated jet

and slower wide-angled disk

winds.

Chapter 5 ”

What are the implications

for high-energy neutrinos

from hypernebulae?

”

Chapter 6
Compact object merger with

a magnetized neutron star.

What kind of `precursor'

electromagnetic emission

is expected before neutron

star mergers?

Poynting �ux directed along

the orbital plane.
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7. Margalit, B., Beniamini, P.,Sridhar, N., Metzger, B. D., 2020. “Implications of a Fast Radio
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10
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Chapter 2: Nonthermal X-ray Emission from Accreting Black Holes

2.1 Electron-positron pair plasma

This chapter has been published in Sridhar, N., Sironi, L., & Beloborodov, A. M. 2021, MN-

RAS, 507, 5625. doi:10.1093/mnras/stab2534

2.1.1 Introduction

The emission mechanism of high-energy non-thermal X-rays from black hole X-ray binaries

(BHXBs) is still unknown. Non-thermal X-rays are predominantly seen during the so-called “hard

state”—typically observed during the onset as well as the late-time fading of an outburst. During

outbursts, the X-ray luminosity increases by a few orders of magnitude, with changes in the radia-

tion spectrum (Remillard and McClintock, 2006), light curve variability (van der Klis, 1989), and

possible launching of transient radio jets and collimated out�ows (Mirabel and Rodríguez, 1999;

Fender et al., 2004b; Fender et al., 2009). An example of the transitions across different states

of an outburst, and their physical origins, in the archetypal BHXB GX 339–4, is demonstrated in

Sridhar et al., 2020.

A typical photon spectrum during the hard state may be roughly described asdN=dE / E � �

with index � . 1:8 (whereE is the photon energy) and an exponential cutoff above� 100keV.

The hard X-ray emission is commonly attributed—based on the quality of spectral �ts—to unsat-

urated Comptonization of soft photons by a cloud of hot electrons called “corona,” with typical

temperature of� 100keV (Zdziarski and Gierlínski, 2004).

Yet, the energization mechanism that sustains the coronal electrons against fast inverse Comp-

ton (IC) losses is still unclear. A number of works invoked magnetic reconnection as a mechanism

for heating and acceleration of electrons in black hole coronae (e.g., Galeev et al., 1979; Be-
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loborodov, 1999; Liu et al., 2002). Numerical simulations demonstrate that current sheets can

form as magnetic loops get twisted by the differential rotation of the accretion �ow and the black

hole (Parfrey et al., 2015a; Yuan et al., 2019; Ripperda et al., 2020; Krawczynski, 2020; Chashkina

et al., 2021). Figure 2.1 illustrates one such possible con�guration. Fast magnetic reconnection

(“relativistic regime”) can occur in the current sheets above the accretion disk, where the energy

density in magnetic �eldsB 2=8� exceeds the plasma rest mass energy density�c 2, which corre-

sponds to magnetization parameter� � B 2=4��c 2 > 1 (for reviews of relativistic reconnection,

see, e.g., Hoshino and Lyubarsky, 2012; Kagan et al., 2015). Kinetic particle-in-cell (PIC) simula-

tions show how relativistic reconnection heats and accelerates plasma particles. Most PIC simula-

tions have been conducted in the regime of negligible radiative losses (e.g., Zenitani and Hoshino,

2001; Lyubarsky and Liverts, 2008; Kagan et al., 2013; Sironi and Spitkovsky, 2014; Guo et al.,

2014; Guo et al., 2019; Nalewajko et al., 2015; Werner et al., 2016; Werner and Uzdensky, 2017;

Sironi et al., 2015, 2016; Petropoulou and Sironi, 2018; Hakobyan et al., 2021; Zhang et al., 2021).

Some recent studies have incorporated IC cooling effects, e.g., Nalewajko et al., 2018, Werner

et al., 2018, Sironi and Beloborodov, 2020 (SB20, hereafter), and Mehlhaff et al., 2020. In all

these simulations, magnetic reconnection is developed through fragmentation of the dissipation

layer into a chain of numerous plasmoids (magnetic islands), which move at relativistic speeds

along the layer, as predicted by analytical models (Uzdensky et al., 2010).

Radiative cooling of electrons in luminous sources (e.g., Cygnus X-1), is very fast—the cool-

ing timescale is much shorter than the light-crossing time of the corona. Beloborodov (2017a)

pointed out that in this regime most of the plasma in the reconnection layer is kept at the local

Compton temperaturekTC � 100keV, and Comptonization of hard X-rays mainly results from

the fast bulk motions of the cold plasmoid chain accelerated along the layer by the tension of

magnetic �eld lines. Radiation exerts resistance to the plasmoid motion, as if they moved through

a viscous background, and magnetic energy is passed through the plasmoids directly to photons,

with subdominant heating of individual particles. Monte-Carlo simulations of this Comptoniza-

tion mechanism suggested an intriguing feature: it naturally gives an X-ray spectrum peaking at
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� 100keV, consistent with the observed hard-state spectra of accreting black holes in BHXBs and

Active Galactic Nuclei (AGN).

This mechanism was further demonstrated by the kinetic plasma simulations of SB20. They

found that 70-80% of the reconnection power converts to radiation via Comptonization by the

plasmoid bulk motions, and that these motions mimic a quasi-thermal distribution withkTe �

100keV. Their simulations have been performed fore� plasma with magnetization� = 10. The

dependence on� and the possible role of ions remained unexplored.

In the present paper, we extend the PIC simulations of SB20—with strong radiative (IC)

cooling—to a higher� = 40 and quantify the dependence of particle heating and acceleration,

as well as of reconnection-induced bulk motions, on the �ow magnetization and the strength of

cooling. In addition, we evaluate the produced X-ray spectrum with Monte-Carlo simulations for

� = 10 and 40.

Like SB20, our PIC simulations are performed fore� plasma. We assume that thee� are

created by the MeV photons in the tail of the Comptonized radiation spectrum, which requires a

suf�ciently high compactness parameter of the magnetic �are (Beloborodov, 2017a).

Ion density in the high-� coronae of black holes is unknown. Since ions are not subject to

radiative losses, they could store part of the released magnetic energy and gradually transfer it to

the electrons. This could in�uence the emission mechanism of the magnetic �are. As a �rst step

toward understanding the possible effect of ions, we perform an experiment where positrons play

the role of “ions” with massmi = me, and only electrons are subject to radiative losses. More

realistic simulations withmi � me are more expensive and deferred to part II of this series.

The paper is organized as follows. In §2.1.2, we describe the numerical setup of our simu-

lations. In §2.1.3, we describe the implementation and parameterization of IC cooling, and the

different timescales associated with the problem. In §2.1.4, we present our PIC results, emphasiz-

ing the dependence on magnetization and strength of IC cooling. The photon spectra derived from

our PIC simulations using Monte Carlo radiative transfer calculations are presented in §2.1.5. We

summarize our �ndings in §2.1.6.
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Figure 2.1: A schematic of the “chain Comptonization” model. The black sphere embedded in
a golden-brown disk represents the black hole-accretion disk system. Differential rotation of the
magnetic �eld footpoints in the accretion disk leads to stretching and opening of the �eld lines. Two
oppositely oriented �elds are separated by a current sheet, and the energy in the magnetic loop is re-
leased via reconnection. This process heats the coronal particles, while the soft disk photons (blue)
cool them to non-relativistic temperatures via inverse Compton (IC) scattering. Reconnection also
generates a chain of coherent magnetic structures called “plasmoids” (magenta blobs), which get
accelerated to trans-relativistic speeds along the layer by magnetic tension. Comptonization of soft
disk photons by the bulk motions of a cold-chain of plasmoids can reproduce the non-thermal/hard
X-ray emission (red) observed from X-ray binaries.
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2.1.2 PIC simulation setup

The simulations are performed with the 3D electromagnetic PIC codeTRISTAN-MP (Buneman,

1993; Spitkovsky, 2005), with particle momentum updated via the Vay pusher (Vay, 2008). We

employ a 2D spatial domain in thex-y plane, but all three components of velocities and electro-

magnetic �elds are evolved. The simulation setup parallels what we have employed in, e.g., Sironi

et al. 2016 and SB20. We refer to Table A.1 in Appendix A.1 for the complete set of our numerical

and physical input parameters.

We consider a plasma consisting of two particle species of equal mass and opposite charge

(electrons and positrons). The particles are initialized with a uniform densityn0 and a small ther-

mal spreadkT0=mec2 = 10� 4. The reconnection layer is set up with the so-called Harris equi-

librium (Harris, 1962), where the initial magnetic �eld isBx = � B0 tanh(2�y= �) , i.e., the �eld

reverses aty = 0 across a thickness� . We also add a uniform magnetic �eld aligned with the

electric current (i.e., a guide �eldBg = 0:1B0 alongz). This helps providing pressure support to

the cores of plasmoids, which get signi�cantly compressed due to cooling. Note that the addition

of the guide �eld does not add free energy to the system, as it does not get dissipated.

The �eld strength is parameterized by the plasma magnetization,� . For a cold plasma—as it

is in our case—we de�ne the magnetization as

� =
B 2

0

4�n 0mec2
=

�
! c

! p

� 2

; (2.1)

where! c = eB0=mec is the electron gyro-frequency, and the plasma frequency! p is de�ned as

! p =

s
4�n 0e2

me
: (2.2)

The corresponding plasma skin depth isc=! p. We are interested in the regime of relativistic recon-

nection� � 1—speci�cally, we consider� = 40 (our �ducial case) and� = 10 (SB20's reference

case). The Alfvén speed isvA =c=
p

�= (� + 1) ' 1, i.e., close to the speed of light.
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Initially, magnetic pressure outside the sheet is balanced by thermal pressure in the sheet, by

adding a hot population with over-density� = 3 relative to the number densityn0 of cold particles

outside the sheet. The hot population has a temperature ofkBTh=mec2 = �= 2� . Reconnection is

triggered by reducing the temperature of the hot particles near the center of the domain [(x; y) =

(0; 0)] at the initial time. This results in the formation of a magnetic “X-point” at the center

of the computational domain. The plasma in the current sheet separates into two reconnection

fronts, that propagate away from the center along� x̂ at near the Alfvén speed. The initial current

sheet thickness is chosen to be large enough (� ' 30
p

� c=! p), so that the tearing mode does not

spontaneously grow before the two reconnection fronts have reached the boundaries of the domain.

We employ out�ow boundary conditions alongx (e.g., Sironi et al., 2016), so the hot particles

initialized in the sheet get evacuated after� L x=vA , whereL x is the half-length of the box alongx.

Along they direction of the reconnection in�ow, we employ two moving injectors—receding from

y = 0 at the speed of light and continuously introducing fresh plasma and magnetic �ux into the

domain—and an expanding simulation box (see Sironi et al., 2016, for details). The combination of

out�ow boundaries inx and continuous injection iny ensures that, after� 1Alfvénic crossing time

(see Appendix A.4 for details), reconnection proceeds in a quasi-steady state, which is independent

from the sheet initialization (i.e., from the choices of� and� ), as shown by Sironi et al., 2016.

We follow the evolution until� 5L x=c, such that we have a suf�ciently long time to assess the

steady-state properties of the system.

A large dynamic range between plasma scales and the layer length is essential to obtain astrophysically-

relevant results. Our reference box for� = 40 hasL x=(c=! p) = 3360, but we also present results

from a wide range of box sizes,420� L x=(c=! p) � 6720. We resolve the plasma skin depthc=! p

with 5 grid lengths. The Courant-Friedrichs-Lewy number (or equivalently, the numerical speed of

light) is set to 0.45. We employ 4 particles per cell (including both species), and we improve par-

ticle noise in the electric current density with 32 passes of a “1-2-1” low-pass digital �lter applied

at each step (Birdsall and Langdon, 1991).
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2.1.3 Inverse-Compton cooling

Compton cooling is implemented in our code as a “drag” force applied to the simulation par-

ticles (Tamburini et al., 2010). For an electron (or positron) with velocityve (= � ec) and energy


 emec2, the Compton drag force due to an isotropic distribution of photons is given by

F IC = �
4
3

� T 
 2
eUrad � e; (2.3)

where� T = 8�e 4=(3m2
ec4) is the Thomson cross section,
 e = (1 � � 2

e)� 1=2 is the particle Lorentz

factor, andUrad is the radiation energy density. We parameterizeUrad by de�ning a critical Lorentz

factor
 cr, at which the Compton drag force balances the force due to the reconnection electric �eld

Erec = � recB0, where� rec � 0:1 is the reconnection rate. Forj� ej ' 1, the balance

eErec =
4
3

� T 
 2
crUrad (2.4)

yields 
 cr �
p

3e� recB0=(4� T Urad ). A low value of 
 cr implies strong cooling (i.e., largeUrad ).

In contrast, the limit of negligible cooling losses (Urad = 0) corresponds to
 cr = 1 . For our

reference magnetization� = 40, we investigate
 cr = 16; 22:6; 32; 45 and the uncooled case


 cr = 1 .

The IC cooling time for a particle with Lorentz factor
 e can be written as

t IC (
 e) =
3mec

4� T Urad 
 e
=

1
! c


 2
cr

� rec
 e
: (2.5)

This should be compared with the temporal resolution of our simulations

� t = 0:09! � 1
p = 0:09� 1=2! � 1

c : (2.6)

This shows that the IC cooling time for a particle with Lorentz factor as high as
 e = 
 cr is well
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resolved if
� t

t IC (
 cr)
� 10� 2 � 1=2


 cr
� 1 : (2.7)

This condition is well satis�ed in our simulations, which all have
 cr >
p

� (see Table A.1 in

Appendix A.1).

Energy and time scales

Here, we summarize the hierarchy of energy and time scales of radiative reconnection in BHXB

coronae. We refer to Beloborodov (2017a) and SB20 for additional details.

As long as the Thomson optical depth of the reconnection layer is not much greater than unity

(� T � 1 is typically inferred for black hole coronae1), energy conservation implies that the radiation

density isUrad � � recUB � 0:1UB , whereUB = B 2
0=8� is the energy density of the reconnecting

�eld. The magnetization parameter� can be expressed as

� =
2UB

n0mec2
�

2� rec`B

� T
(2.8)

where`B = UB � T L x=mec2 is the magnetic compactness. For magnetic �ares near black holes ac-

creting at a signi�cant fraction of the Eddington limit, the magnetic compactness can approach

`B � mp=me (Beloborodov, 2017a). Using� rec � 0:1 and � T � 1, Eq. (2.8) gives� �

200 (̀ B=103).

Given thatUrad � � recUB , we can quantify the expected value of
 cr as


 cr =
�

27L x

16`Bre

� 1=4

� 104

�
MBH

10M �

� 1=4

(2.9)

wherere is the classical electron radius,`B � mp=me and we have assumed that the characteristic

length of reconnection layers isL x � rg, whererg = 2GMBH =c2 is the Schwarzschild radius for a

black hole of massMBH .

1The optical depth across the layer is� T = Hn 0� T , whereH � � recL x is the thickness of the reconnection layer.
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Accelerated particles typically attain a Lorentz factor
 X � �= 4 at X-points. A high value of


 cr � 
 X � �= 4 then implies that particle acceleration at X-points is not impeded by Compton

drag. The same condition can be expressed by comparing the IC cooling timescale for particles

with 
 e = 
 X with the timescaletX for particle acceleration at X-points,

t IC (
 X )
tX

=

 2

cr


 2
X

� 1; tX =

 X mec
eErec

: (2.10)

On the other hand, the IC cooling time is much shorter than the advection time along the layer

tadv � L x=vA � L x=c. Their ratio is

t IC (
 e)
tadv

=
3

4
 e` rad
� 1 (2.11)

where the radiation compactness is de�ned as` rad = Urad � T L x=mec2 = � rec`B . We rewrite the

ratio of timescales as
t IC (
 e)

tadv
=

� cool


 e
: (2.12)

Then, the condition that the time to cool down to non-relativistic energies is shorter than the ad-

vection timescale may be expressed as

� cool �

 2

cr

� rec
p

�
c=! p

L x
< 1 : (2.13)

In our simulations, we explore both� cool < 1 and � cool > 1 regimes. In the latter case,� cool

equals the Lorentz factor of particles that cool in a dynamical (advection) time. We use� cool (as an

alternative to
 cr) to quantify the strength of cooling losses.

In the limit of strong cooling, particles in reconnection plasmoids are cooled down to non-

relativistic temperatures (
 e � 1), well before the plasmoid bulk motions are decelerated by

Compton drag (Beloborodov, 2017a). For the cold particles, the ratio of drag time to advection
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time is
tdrag

tadv
�

�m ec
Urad � T

�
L x

c
�

�
` rad

: (2.14)

Given that� � � rec`B=�T � ` rad=�T (Eq. 2.8), one can see that the two timescales are comparable

for � T � 1. Their ratio may also be written astdrag=tadv � �� cool when
 e � 1.

In summary, in order to mimic the conditions in black hole coronae, our simulations have to

retain the following hierarchy of energy and time scales: (i) � � 1; (ii ) 
 cr � 
 X � �= 4, or

equivalently particle acceleration at X-points occurs faster than IC cooling losses; (iii ) � cool � 1,

or equivalently the IC cooling time for all particles is shorter than the advection time along the

layer. Most of our simulations do satisfy the required hierarchy.

2.1.4 PIC simulation results

In this section, we present the main results of our PIC simulations. We discuss how our PIC

results depend on the strength of radiative IC losses, magnetization and domain size. Our �ducial

runs have� = 40 andL x=(c=! p) = 3360.

In §2.1.4, we describe the general structure of the reconnection layer. We then explore the

in�uence of radiative cooling on internal and bulk motions in §2.1.4. Particle energy spectra are

presented in §2.1.4. In §2.1.4, we probe the structure of the reconnection layer and the particle en-

ergy spectrum in a “hybrid” experiment, where we consider a pair plasma, but only cool electrons.

This is a �rst step towards understanding radiative reconnection in an electron-ion plasma, where

only electrons suffer IC cooling losses.

Structure of the reconnection layer

In Fig. 2.2, we present the 2D structure of the reconnection layer in the strongly magnetized

model with� = 40 for two different levels of IC cooling: strong cooling with
 cr = 16 on the

left, and moderate cooling with
 cr = 45 on the right. Regardless of the cooling strength, the

reconnection layer fragments into a hierarchical chain of coherent structures (plasmoids) separated

by X-points, as a result of the tearing instability (Tajima and Shibata, 1997; Loureiro et al., 2007;
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