
Theore&cal	
  Astrophysics	
  
(including	
  Cosmology	
  and	
  Rela&vity;	
  TAPIR)	
  

Chris'an	
  O+	
  	
  
	
  

with	
  input	
  from	
  
Sterl	
  Phinney,	
  Phil	
  Hopkins,	
  Yanbei	
  Chen,	
  and	
  	
  
PMA	
  Gravita'onal	
  Physics	
  ad-­‐hoc	
  commi+ee	
  	
  

(Weinstein,	
  O+,	
  Adhikari,	
  Chen,	
  Kasliwal,	
  Phinney,	
  Prince,	
  Vallisneri	
  [JPL])	
  



TAPIR	
  Overview	
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• Phinney,	
  Chen,	
  O+,	
  Hopkins	
  
• Peter	
  Goldreich,	
  Kip	
  Thorne	
  (emeri')	
  

• Mark	
  Scheel	
  (research	
  prof)	
  

• Konstan'n	
  Batygin	
  in	
  GPS	
  (not	
  part	
  of	
  PMA	
  TAPIR)	
  

• Lost:	
  	
  Kamionkowski,	
  Hirata	
  

Most	
  common	
  reason	
  (2014	
  &	
  2015)	
  for	
  admi+ed	
  astrophysics-­‐
oriented	
  graduate	
  students	
  to	
  decline:	
  	
  

	
  “Not	
  enough	
  people	
  to	
  work	
  with	
  if	
  I	
  want	
  to	
  do	
  theory.”	
  



Current	
  Research	
  in	
  TAPIR	
  

3	
  C.	
  D.	
  O+	
  @	
  Faculty	
  Recon	
  Commi+ee	
  2015/04/27	
  

•  Cosmological	
  galaxy	
  evolu'on,	
  star	
  forma'on	
  	
  
(Hopkins,	
  computa'onal/analy'cal).	
  

•  Analy'cal/perturba've	
  rela'vity,	
  macroscopic	
  quantum	
  mechanics,	
  	
  
LIGO	
  instrumenta'on	
  theory	
  (Chen,	
  analy'cal/perturba've).	
  

•  Numerical	
  rela'vity,	
  core-­‐collapse	
  supernovae,	
  black	
  hole	
  collisions,	
  
neutron	
  star	
  mergers,	
  gravita'onal	
  wave	
  predic'ons	
  for	
  LIGO	
  	
  
(O+	
  &	
  Scheel,	
  computa'onal).	
  

•  Stars,	
  binaries	
  neutron	
  stars,	
  accre'on	
  disks,	
  disrup'ons,	
  cosmic	
  rays,	
  
and	
  other	
  high-­‐energy	
  phenomena	
  (Phinney,	
  analy'cal/phenomenolgy).	
  

•  Dynamics	
  in	
  planetary	
  systems,	
  planetary	
  interiors/atmospheres	
  	
  
(Batygin	
  [GPS],	
  analtyical/computa'onal).	
  



Advanced	
  LIGO	
  and	
  ZTF	
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Keck	
  

Palomar/Zwicky	
  Transient	
  Facility	
  
•  Gravita'onal	
  wave	
  (GW)	
  sky	
  opened	
  by	
  	
  
Adv.	
  LIGO.	
  O1	
  star'ng	
  09/15/15.	
  

•  Palomar	
  Transient	
  Factory	
  (PTF)	
  /	
  Zwicky	
  
Transient	
  Facility	
  (ZTF,	
  Kulkarni/Kasliwal).	
  

•  “Holy	
  grail”:	
  find/understand	
  
electromagne'c	
  counterpart	
  of	
  GW	
  event	
  
(likely	
  neutron	
  star	
  merger).	
  	
  

•  Exploit	
  Adv.	
  LIGO	
  observa'ons:	
  
-  for	
  stellar	
  astrophysics	
  
(understand	
  binary	
  evolu'on);	
  

-  for	
  nuclear	
  physics:	
  eq.	
  of	
  state	
  of	
  
neutron	
  star	
  ma+er	
  (-­‐>	
  nuc.	
  force).	
  

-  tests	
  of	
  general	
  rela'vity	
  /	
  
alterna've	
  theories	
  of	
  gravity.	
  
	
  



Photon	
  Counterparts	
  of	
  LIGO	
  Detec&ons	
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Brian	
  Metzger,	
  
Columbia	
  

The Astrophysical Journal, 746:48 (15pp), 2012 February 10 Metzger & Berger

with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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Caltech/Cornell	
  
Simula'ng	
  eXtreme	
  Space'mes	
  (SXS)	
  program	
  

Metzger&Berger	
  12	
  

Fer'le	
  ground	
  for	
  phenomenology	
  	
  
connec'ng	
  detailed	
  simula'ons	
  (O+/Scheel)	
  
with	
  observa'ons	
  (Kasliwal/Kulkarni/Hallinan).	
  
	
  

Synthesis	
  of	
  heavy,	
  
neutron	
  rich	
  elements	
  
r-­‐process;	
  rare	
  earths	
  



Rela&vity	
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•  Tes'ng	
  general	
  rela'vity:	
  	
  
Advanced	
  LIGO,	
  Event	
  Horizon	
  Telescope	
  (radio),	
  
binary	
  pulsars,	
  future	
  LISA-­‐like	
  space	
  missions,	
  	
  
pulsar	
  'ming	
  (nano-­‐Hz	
  GWs	
  <-­‐	
  new	
  NSF	
  PFC).	
  

•  Alterna've	
  theories	
  of	
  gravity,	
  predic'on	
  of	
  
observables/tests.	
  

•  New	
  strategies	
  for	
  GW	
  detec'on	
  and	
  data	
  analysis.	
  

•  Electromagne'c	
  fields	
  in	
  black-­‐hole	
  space'mes;	
  
much	
  room	
  for	
  analy'c	
  work	
  to	
  connect	
  with	
  
simula'ons	
  &	
  observa'ons.	
  

•  Fluid-­‐gravity	
  correspondence	
  (AdS-­‐CFT).	
  

•  QFT	
  in	
  curved	
  space'me,	
  firewalls	
  etc.,	
  gravity	
  
in	
  the	
  early	
  universe.	
  

	
  



Stars	
  &	
  Planets:	
  Revival	
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  Stellar	
  Astrophysics	
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Kepler,	
  K2	
  

Gaia	
  

•  Planet	
  hype	
  -­‐>	
  new	
  opportuni'es	
  to	
  solve	
  long-­‐standing	
  
problems	
  in	
  stellar	
  astrophysics	
  and	
  popula'ons	
  (rota'on,	
  
magne'c	
  fields,	
  binaries,	
  'des,	
  mergers,	
  mass	
  loss,	
  cosmic	
  
chemical	
  evolu'on).	
  

•  Era	
  of	
  precision	
  stellar	
  astrophysics.	
  Largely	
  neglected	
  	
  
in	
  the	
  US	
  (Europe	
  leading)	
  -­‐>	
  opportunity	
  to	
  have	
  big	
  
impact	
  here.	
  	
  

•  Big-­‐data	
  will	
  drive/inspire	
  phenomenology/theory.	
  
Also	
  need	
  theory	
  to	
  predict/guide	
  observa'ons.	
  

•  “high	
  cadence”	
  surveys,	
  LSST,	
  ZTF,	
  radio	
  surveys	
  	
  
-­‐>	
  pulsa'ons,	
  instabili'es,	
  explosions,	
  fast	
  radio	
  bursts...	
  

chemical	
  
evolu'on	
  

Alma	
  

LSST	
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Precision	
  Asteroseismology	
  
(the	
  study	
  of	
  pulsa'on	
  modes	
  of	
  stars)	
  

Kepler,	
  K2	
  

Jim	
  Fuller,	
  
TAPIR,	
  Caltech	
  

Mosser+12	
  

•  Asteroseismology	
  probes	
  pulsa'on	
  modes	
  
in	
  the	
  interiors	
  of	
  stars.	
  

•  Constrain	
  rota'on	
  rate,	
  differen'al	
  rota'on,	
  structure,	
  
convec've	
  regions	
  etc.	
  

•  New:	
  suppression	
  of	
  low-­‐order	
  (l=1)	
  modes	
  in	
  some	
  stars	
  due	
  
to	
  core	
  magne'c	
  field	
  (Fuller,	
  perturba've	
  work)	
  	
  
-­‐>	
  observa'onally	
  probe	
  stellar	
  magne'sm.	
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Plasma	
  Astrophysics	
  

•  Wide	
  open	
  ques'ons	
  in	
  plasma	
  astrophysics,	
  well	
  formulated	
  “clean”	
  problems:	
  
accelera'on	
  of	
  cosmic	
  rays,	
  high-­‐energy	
  emission,	
  strongly	
  magne'zed	
  plasmas,	
  
reconnec'on,	
  dynamos,	
  MHD	
  instabili'es,	
  shocks.	
  

•  Applica'ons	
  to	
  gamma-­‐ray	
  bursts,	
  pulsar	
  wind	
  nebulae,	
  intergalac'c	
  medium,	
  star	
  
forma'on,	
  etc.	
  Strong	
  link	
  to	
  observa'ons,	
  laboratory	
  plasma	
  physics.	
  

•  Breakthroughs	
  by	
  ability	
  to	
  perform	
  full	
  6+1	
  D	
  kine'c	
  simula'ons.	
  

Density

εB

Mediated by the filamentation (Weibel) instability, which 
generates small-scale sub-equipartition magnetic fields.

σ=0 shocks in 3D

x-xsh

z

y εB

σ=0   γ0=15   e--e+ shock

(LS et al. 13, Haugbolle 10)

B0

6+1	
  D	
  kine'c	
  theory	
  simula'on	
  of	
  
par'cle	
  accelera'on	
  in	
  collisionless	
  	
  
rela'vis'c	
  shocks	
  

filamenta'on	
  
(Weibel	
  instability)	
  

Sironi+13	
  

Lorenzo	
  
Sironi	
  

Harvard	
  
-­‐>Columbia	
  

Blakesley	
  Burkhart,	
  
Harvard,	
  MHD	
  turbulence	
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Cosmology:	
  The	
  Dark	
  Ages	
  

recombina&on	
  

reioniza&on	
  

Dark	
  
Ages	
  

•  21	
  cm	
  tomography	
  (radio):	
  	
  
CMB	
  in	
  3D,	
  100s	
  of	
  indep.	
  z-­‐slices;	
  
huge	
  experimental/observa'onal	
  
efforts:	
  SKA,	
  LWA,	
  MWA,	
  LOFAR,	
  
PAPER	
  etc.	
  
Need	
  theory	
  to	
  predict	
  &	
  exploit	
  
observa'ons.	
  

•  First	
  stars,	
  black	
  holes,	
  	
  
galaxies,	
  clusters,	
  first	
  
explosions,	
  nucleosynthesis.	
  	
  

•  Supermassive	
  black	
  hole	
  
forma'on,	
  proto-­‐galaxies.	
  

•  Epoch	
  of	
  reioniza'on:	
  	
  
What	
  reionized	
  the	
  universe?	
  
Op'cal	
  depth	
  to	
  reioniza'on?	
  

•  Connec'on	
  with	
  observa'ons	
  of	
  
the	
  first	
  galaxies	
  with	
  JWST,	
  TMT.	
  

z~1100	
  

z~11	
  

z~7	
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Cosmology:	
  Early	
  Universe	
  &	
  Recombina&on	
  

•  Planck,	
  BICEP/Keck	
  Array,	
  SPTPol,	
  POLARBEAR	
  +	
  future	
  experiments/missions.	
  

•  Theory	
  needed:	
  primordial	
  GWs	
  &	
  tensor	
  to	
  scalar	
  ra'o,	
  probes	
  of	
  infla'on,	
  non-­‐
Gaussianity,	
  neutrinos	
  in	
  the	
  early	
  universe.	
  

•  Perhaps	
  less	
  rich	
  /	
  less	
  wide	
  open	
  for	
  astrophysics	
  theory	
  than	
  cosmic	
  Dark	
  Ages.	
  

z~1100	
  

z~11	
  

z~7	
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Cosmology:	
  Late	
  Universe	
  &	
  Large-­‐Scale	
  Structure	
  

•  Dark	
  energy	
  eqn.	
  of	
  state	
  from	
  	
  
large-­‐scale	
  structure.	
  

z~1100	
  

z~7	
  

•  Huge	
  observa'onal	
  investments:	
  
- Baryon	
  acous'c	
  oscilla'on	
  surveys	
  (SKA,eBoss,Euclid)	
  	
  	
  
- strong/weak	
  lensing	
  (WFIRST,	
  LSST)	
  
- cluster	
  abundances	
  (ATHENA+,DES,Planck)	
  
- Sunyaev-­‐Zel’dovich	
  cluster	
  surveys	
  	
  
(future	
  Caltech	
  sub-­‐mm	
  telescope)	
  

•  Tension	
  in	
  λCDM	
  cosmology:	
  
CMB/Weak	
  Lensing/Supernovae	
  
•  Need	
  be+er	
  than	
  ~1%	
  precision	
  
theore'cal	
  models.	
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Dark	
  MaUer	
  &	
  Par&cle	
  Astrophysics	
  
•  Nature	
  of	
  dark	
  ma+er?	
  
New,	
  non-­‐standard	
  model	
  physics!	
  

•  Many	
  running	
  &	
  upcoming	
  direct/
indirect	
  DM	
  detec'on	
  experiments.	
  

•  Self-­‐interac'on,	
  interac'on	
  with	
  
baryons,	
  need	
  theory	
  that	
  predicts	
  
observables	
  and	
  thinks	
  broadly.	
  

z~1100	
  

z~11	
  

z~7	
  

DM	
  direct	
  detec'on	
  

Tim	
  Linden,	
  
KICP	
  Chicago	
  

•  Example:	
  
Constrain	
  dark	
  ma+er	
  
proper'es	
  with	
  
neutron	
  stars	
  near	
  
galac'c	
  center.	
  
(if	
  DM	
  accumulates,	
  
	
  collapse	
  to	
  BH)	
  

	
  

	
  

(Fuller	
  &	
  O+	
  15:	
  also	
  poten'ally	
  
	
  explain	
  fast	
  radio	
  bursts	
  [FRBs]...)	
  



Path	
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•  Looking	
  for	
  broad	
  analy'c/phenomenological	
  theorist	
  who	
  connects	
  
with	
  PMA	
  physics/astrophysics	
  theory,	
  observa'on,	
  and	
  experiment.	
  

•  Sub-­‐commi+ee:	
  O+,	
  Phinney,	
  Hopkins.	
  

•  Further	
  input	
  form	
  gravita'onal	
  physics	
  ad-­‐hoc	
  commi+ee	
  	
  
(in	
  par'cular	
  Weinstein,	
  Adhikari,	
  Chen)	
  &	
  observa'onal	
  cosmology	
  &	
  
par'cle	
  astro	
  (Golwala,	
  Bock)	
  

•  Have	
  a	
  preliminary	
  list	
  of	
  names;	
  research	
  to	
  find	
  other	
  suitable	
  
candidates	
  ongoing.	
  Get	
  some	
  to	
  come	
  out.	
  First:	
  Marilena	
  Loverde,	
  	
  
KICP	
  Chicago,	
  May	
  7/8,	
  TAPIR	
  seminar	
  on	
  May	
  8.	
  Mark	
  your	
  calendars!	
  

•  Work	
  harder	
  to	
  find	
  more	
  women	
  candidates	
  and	
  	
  
more	
  candidates	
  from	
  other	
  underrepresented	
  groups.	
  


