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	  	  	  High-‐z	  GRBs	  as	  a	  tool 

!  The	  brightest	  event	  
which	  can	  be	  observed.	  	  

!  Wide	  redshiK	  range,	  
maybe	  up	  to	  z~15-‐20	  (Lamb	  
&	  Reichart	  2000).	  

!  Gamma	  ray	  suffer	  from	  
no	  dust	  exVncVon.	  

Why	  GRBs	  can	  be	  used	  to	  measure	  cosmology? 



	  	  	  High-‐z	  GRBs	  as	  a	  tool 
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Constraints	  on	  dark	  energy	  and	  cosmological	  parameters 



Constraints	  on	  the	  dark	  energy	  and	  
	  the	  cosmological	  parameters 

Similar	   to	   SNe	   Ia,	   GRBs	   luminosity	   correlaVons	   are	  
minimized	  to	  measure	  cosmological	  parameters:	  	  
"  Liso	  −	  τlag	  correla.on:	  luminosity-‐/me	  lag	  correla/on	  (Norris	  et	  al.	  2000).	  
"  Liso	  −	  V	  correla.on:	  /me	  variability	  correlated	  with	  the	  luminosity	  of	  GRBs,	  

which	  indicates	  that	  more	  luminous	  bursts	  have	  more	  variable	  light	  curves	  
(Fenimore	  and	  Ramirez-‐Ruiz	  2000).	  

"  Yonetoku	  correla.on:	  Liso	  ∝	  E2peak	  (Yonetoku	  et	  al.	  2004).	  
"  Liang-‐Zhang	  correla.on:	  an	  empirical	  correla/on	  among	  the	  isotropic	  energy	  

of	  the	  prompt	  gamma-‐ray	  emission	  Eiso,	  the	  rest-‐frame	  peak	  energy	  Epeak,	  the	  
rest-‐frame	  break	  /me	  in	  the	  op/cal	  band	  tbreak.	  

"  Amati	  correlation:	  isotropic	  energy	  Eiso	  is	  correlated	  with	  the	  rest-‐frame	  
peak	  energy	  of	  the	  prompt	  spectrum	  (i.e.,	  Epeak	  ∝	  E0.52iso).	  

"  Ghirlanda	  correlation:	  a	  tight	  correlation	  between	  spectral	  peak	  energy	  
and	  collimated	  energy.	  

"  Etc.	  



Example	  of	  correlation	  function 

The	  so-‐called	  Guirlanda	  relaVon	  

 :             log ( (1 ) /300p pE E E a b E z keVγ γ ⎡ ⎤− = + +⎣ ⎦

(Schaefer	  2007,	  27	  GRBs)	  



The	  Circularity	  problem 

In	  order	  to	  measure	  the	  cosmological	  parameters,	  
correlaVons	  must	  be	  calibrated	  in	  a	  cosmological	  
model	  independent	  way:	  
	  
"  Otherwise	  a	  circularity	  problem	  appears...	  	  

"  In	  principle,	  circularity	  problem	  can	  be	  avoided	  in	  two	  ways	  (Ghirlanda	  
et	  al.	  2006):	  
1)  A	  solid	  physical	  interpreta/on	  of	  these	  rela/ons,	  which	  would	  fix	  

their	  slope	  independently	  from	  cosmology.	  
2)  The	  calibra/on	  of	  these	  rela/ons	  by	  several	  low	  redshiD	  GRBs.	  

	  
Not	  so	  easy	  in	  fact…	  	  



Many	  previous	  works	  treated	  the	  circularity	  problem	  
with	  a	  staVsVcal	  approach:	  	  
"  Simultaneous	  fit	  (Schaefer	  2003):	  parameters	  in	  the	  calibra/on	  curves	  and	  

the	  cosmology	  are	  carried	  out	  at	  the	  same	  /me.	  
"  Bayesian	  method	  (Firmani	  et	  al.	  2005).	  
"  Markov	  Chain	  Monte	  Carlo	  global	  fiang	  (Li	  et	  al.	  2008	  ).	  
	  	  	  	  	  
	  
In	  any	  case,	  as	  a	  par/cular	  cosmology	  model	  is	  required	  
in	  doing	  the	  joint	  fiang,	  the	  circularity	  problem	  is	  not	  
solved	  completely	  by	  means	  of	  sta/s/cal	  approaches.	  	  

The	  Circularity	  problem 



Evolution	  of	  the	  correlation? 

Due	  to	  the	  fact	  that	  GRBs	  cover	  large	  redshiK	  range,	  
whether	  the	  correlaVons	  evolve	  with	  the	  redshiK	  
must	  be	  studied:	  
"  The	  slope	  of	  Ama/	  correla/on	  may	  vary	  with	  redshiD	  significantly	  (Lin	  et	  

al.	  2007	  &	  2015).	  	  
"  At	  the	  opposite,	  for	  other	  correla/ons,	  no	  sta/s/cally	  significant	  

evidence	  for	  the	  evolu/on	  of	  the	  others	  luminosity	  correla/ons	  with	  
redshiD	  found	  (Basilakos	  &	  Perivolaropoulos	  2008,	  Wang	  et	  al.	  2001).	  

"  Meanwhile,	  instrumental	  selec/on	  effects	  may	  affect	  the	  observed	  
luminosity	  correla/ons	  (i.e.,	  Nakar	  &	  Piran	  2005).	  	  
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Figure 1: Joint confidence intervals of 1σ for (ΩM ,ΩΛ) from the observational datasets. The thick black
line contour, the blue contour, the red contour, the yellow contour, the violet contour, the orange contour,
and the purple contour show constraints from from all the datasets, 26 galaxy clusters, 69 GRBs, CMB
shift parameter, 182 SNe Ia, BAO, and 2dF Galaxy Redshift Survey, respectively. The thin solid line
represents a flat universe. (Adapted from Figure 2 in Wang et al. (2007).)
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a
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Equation (8) is only dependent on the cosmological principles and FRW metric, so the expansion is model-
independent. But the Taylor-expansion of dL is not valid at z > 1. So expansion dL as a function of
y = z/1+ z is much useful (Cattoën & Visser, 2007; Wang & Dai, 2011). The calibrated Hubble diagram
of GRBs is shown in Figure 2 (Wang & Dai, 2011).

2.1 The equation of state of dark energy
The dark energy equation of state w = p/ρ is the most important parameter that describes the

properties of dark energy. Whether and how it evolves with time is crucial for revealing the physics of
dark energy. GRBs can provide the high-redshift evolution property of dark energy. The procedure is to
bin w in z, and fit the w in each bin to observational data by assuming that w is constant in each bin.
Qi et al. (2008a) used GRBs and other cosmological observations to construct evolution of the equation
of state, and found that the equation of state w is consistent with the cosmological constant (also see Qi
et al., 2008b). The confidence interval of the uncorrelated equation of state parameter can be significantly
reduced by adding GRBs. After calibrating the GRB correlations using cosmographic parameters, Wang
& Dai (2011) found that the high-redshift (1.4 < z < 8.2) equation of state is consistent with the
cosmological constant. But some studies found that the equation of state w may deviate from −1 (i.e.,
Qi et al., 2009; Zhao et al., 2012). In light of the Planck CMB data, Wang & Dai (2014) found that the
EOS is consistent with the cosmological constant at the 2σ confidence level, not preferring to a dynamical
dark energy, which is shown in Figure 3.
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Figure 2: The Hubble diagram of 557 SNe Ia (blue) and 66 high-redshift GRBs (red). (Adapted from
Figure 2 in Wang & Dai (2011).)

Figure 3: Estimation of the uncorrelated dark energy EOS parameters at different redshift bins
(w1, w2, ..., w10) from SNe Ia+BAO+WMAP9+H(z)+GRB data. The open points show the best fit
value. The error bars are 1σ and 2σ confidence levels. The dotted line shows the cosmological constant.
(Adapted from Figure 3 in Wang & Dai (2014).)

5

Hubble	  diagram	  of	  557	  SNe	  Ia	  (blue)	  and	  66	  high-‐redshiK	  
GRBs	  (red)	  (adapted	  from	  Wang	  &	  Dai,	  2011).	  

Joint	  confidence	  intervals	  of	  1σ	  for	  (ΩM,ΩΛ)	  
from	  the	  observaVonal	  datasets	  (adapted	  
from	  Wang	  et	  al.	  2007).	  

Present	  constraints	  on	  the	  dark	  energy	  and	  	  
the	  cosmological	  parameters 
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EsVmaVon	  of	  the	  uncorrelated	  the	  EOS	  
parameter	  at	  different	  redshiK	  bins	  from	  SNe	  Ia
+BAO+WMAP9+H(z)+GRB	  data	  (adapted	  from	  
Wang	  &	  Dai,	  2014).	  

Present	  constraints	  on	  the	  equation	  of	  state	  	  
of	  the	  dark	  energy 
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Figure 2: The Hubble diagram of 557 SNe Ia (blue) and 66 high-redshift GRBs (red). (Adapted from
Figure 2 in Wang & Dai (2011).)

Figure 3: Estimation of the uncorrelated dark energy EOS parameters at different redshift bins
(w1, w2, ..., w10) from SNe Ia+BAO+WMAP9+H(z)+GRB data. The open points show the best fit
value. The error bars are 1σ and 2σ confidence levels. The dotted line shows the cosmological constant.
(Adapted from Figure 3 in Wang & Dai (2014).)

5

The	  equaVon	  of	  state	  w=p/ρ	  is	  a	  
key	  parameter	  to	  describe	  dark	  
energy	  	  properVes:	  
"  Whether	  and	  how	  it	  evolves	  with	  /me	  is	  

crucial	  for	  revealing	  the	  physics	  of	  dark	  
energy.	  	  

"  GRBs	  can	  provide	  the	  high-‐redshiD	  evolu/on	  
property	  of	  dark	  energy.	  	  

Un/l	  now,	  EOS	  	  consistent	  with	  the	  
cosmological	  constant	  at	  2σ	  confidence	  
level,	  not	  preferring	  a	  dynamical	  dark	  
energy	  model.	  
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Prospect	  in	  the	  SVOM	  era 

GRBs	  amracted	  a	  lot	  of	  amenVon	  as	  promising	  
standardizable	  candles	  to	  construct	  the	  Hubble	  
diagram	  at	  very	  high	  redshiK:	  	  
"  Complementarity	  to	  other	  cosmological	  probes,	  such	  as	  SNe	  Ia,	  CMB	  and	  

BAO.	  	  
"  However	  without	  reaching	  the	  level	  of	  details	  of	  these	  probes.	  

The	  most	  important	  thing	  is	  probably	  to	  search	  for	  a	  
correlaVon	  similar	  to	  that	  used	  to	  standardize	  SNe	  Ia:	  	  
"  In	  order	  to	  obtain	  these	  correla/ons,	  a	  bejer	  understanding	  of	  the	  

physics	  inside	  GRBs	  is	  probably	  needed.	  



"  The	  first	  stars,	  Popula/on	  III	  stars,	  are	  predicted	  to	  form	  in	  dark	  majer	  mini-‐
halos	  of	  typical	  mass	  ∼106	  Msun	  at	  z∼20–30	  out	  of	  a	  gas	  of	  pris/ne	  composi/on	  
(Ciardi	  &	  Ferrara	  2005,	  Bromm	  &	  Yoshida	  2011).	  	  

"  Pop	  III	  stars	  played	  a	  crucial	  role	  in	  early	  universe	  evolu/on,	  including	  
reioniza/on	  and	  metal	  enrichment	  history.	  

z=12	   z=6	   z=0	  Pop	  III	  
collapsars?	  

Pop	  II	  
GRBs	  

ReionizaVon	  

z~1000	  

Dark	  Ages	  

Z=20	  180Myr	  
370Myr	  

Credit	  L.	  Piro 

	  	  	  High-‐z	  GRBs	  as	  a	  tool 
First	  stars	  and	  early	  Universe 
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Catching	  the	  first	  stars:	  not	  so	  easy… 

Direct	  observaVons	  of	  the	  Pop	  III	  stars	  have	  so	  far	  been	  
out	  of	  reach:	  
"  Will	  stay	  difficult	  even	  with	  JWST	  and	  the	  next	  genera/on	  of	  extremely-‐large	  

telescopes	  on	  the	  ground	  (GMT,	  TMT	  and	  E-‐ELT)	  
"  Despite	  their	  sensi/vi/es,	  even	  these	  observatories	  may	  not	  be	  able	  to	  

directly	  probe	  the	  first	  stars,	  unless	  they	  formed	  in	  massive	  clusters	  (Pawlik	  et	  
al.	  2011),	  or	  were	  gravita/onally	  lensed	  (Rydberg	  et	  al.	  2013).	  	  

The	  only	  opportunity	  to	  probe	  individual	  Pop	  III	  stars	  
may	  be	  to	  catch	  them	  at	  the	  moment	  of	  their	  explosive	  
death:	  
"  Hypernovae	  	  or	  pair-‐instability	  SNe.	  
"  	  GRBs.	  



14 

Indirect	  search	  for	  Pop	  III	  stars 

Some	  studies	  show	  that	  some	  Pop	  III	  stars	  will	  end	  as	  
GRBs	  (Pop	  III	  GRBs):	  
"  Total	  isotropic	  energy	  could	  be	  ∼2	  orders	  of	  magnitude	  larger	  than	  average	  

(Bromm	  &	  Loeb	  2006;	  Heger	  et	  al.	  2003;	  Stacy	  et	  al.	  2011).	  	  

In	  this	  context:	  	  
"  Minimum	  energy	  expected	  from	  a	  GRB	  triggered	  by	  a	  Pop	  III	  star	  near	  the	  

maximum	  energy	  recorded	  for	  any	  GRB.	  	  
"  Any	  GRB	  of	  𝑧	  ≥	  6	  with	  E𝑖𝑠𝑜	  ≥	  8	  ×	  1054	  erg	  and	  a	  very	  long	  duraVon,	  td>104	  s,	  

(the	  “smoking	  gun”)	  would	  potenVally	  have	  a	  Pop	  III	  progenitor.	  	  
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Associate	  a	  GRB	  to	  a	  Pop	  III	  star 

But	  it	  is	  not	  so	  easy	  to	  associate	  with	  certainty	  a	  distant	  
GRB	  to	  a	  Pop	  III	  star:	  
"  An	  unambiguous	  way	  is	  to	  examine	  whether	  the	  aDerglow	  spectrum	  from	  

surrounding	  medium	  is	  devoid	  of	  iron-‐group	  elements	  through	  high-‐resolu/on	  
IR	  and	  X-‐ray	  spectroscopy.	  

"  However,	  there	  may	  also	  be	  the	  case	  that	  the	  surrounding	  medium	  is	  
embedded	  in	  a	  region	  where	  stellar	  explosions	  have	  already	  occurred	  slightly	  
earlier,	  and	  the	  absorp/on	  lines	  of	  the	  first	  heavy	  elements	  produced	  by	  those	  
explosions	  are	  thus	  imprinted	  (Wang	  et	  al.	  2012).	  	  

"  In	  this	  regard,	  another	  proposed	  way	  is	  to	  focus	  on	  the	  total	  energies	  and	  
dura/ons	  of	  GRBs	  es/mated	  by	  the	  X-‐ray	  and	  gamma-‐ray	  observa/ons	  of	  
prompt	  emissions	  and/or	  aDerglows	  	  (Komissarov	  &	  Barkov	  2010;	  Meszaros	  &	  
Rees	  2010;	  Toma	  et	  al.	  2011;	  Suwa	  &	  Ioka	  2011).	  
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Rate	  of	  Pop	  III	  GRBs 

The	  rate	  of	  GRBs	  triggered	  by	  a	  Pop	  III	  Star	  is	  probably	  
very	  low:	  
"  Campisi	  et	  al.	  2011	  leads	  to	  the	  conclusion	  that,	  if	  at	  least	  10	  GRBs	  are	  

detected	  at	  z	  >	  6,	  one	  should	  be	  triggered	  by	  a	  Pop	  III	  star.	  	  

"  Salvaterra	  et	  al.	  2011	  is	  more	  (too?)	  op/mis/c:	  100	  /mes	  larger	  than	  	  
previous	  es/ma/ons.	  

"  At	  the	  present,	  though,	  the	  number	  of	  such	  high-‐z	  GRBs	  is	  too	  small	  and	  
the	  available	  data	  not	  good	  enough	  to	  discriminate	  their	  origin.	  	  
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High-‐z	  GRB	  rate 
Field-‐of-‐view:	  2	  sr	  	  	  	  	  	  	  Energy	  band:	  4-‐150	  keV	  	  	  	  	  	  	  Sensi/vity	  (@10s):	  7.2E-‐8	  erg/s/cm^2	   

SVOM/ECLAIRs 

Simulated	  redshiK	  distribuVon	  of	  GRBs	  to	  be	  detected	  by	  ECLAIRs	  

	  Nearly	  4%-‐5%	  of	  ECLAIRs	  GRBs	  could	  be	  situated	  at	  high	  redshiK	  (z	  >	  5)	  

Our	  simulaVons	  show	  that	  
ECLAIRs	  will	  detect	  	  
70-‐77	  GRBs	  per	  year	  

Z>5:	  ≈3-‐4	  GRBs/yr	  
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Nearly	  4%-‐5%	  of	  ECLAIRs	  GRBs	  are	  expected	  to	  be	  high-‐z	  
GRBs	  (z>5).	  

The	  rate	  of	  GRBs	  triggered	  by	  Pop-‐III	  stars	  is	  so	  small:	  	  
"  About	  1	  GRB	  triggered	  (Campisi’s	  rate)	  by	  a	  Pop-‐III	  during	  the	  life/me	  of	  

SVOM…	  
"  It	  may	  well	  be	  easier	  to	  detect	  the	  Pop	  III	  stars	  from	  their	  orphan	  aDerglows	  

than	  by	  their	  prompt	  gamma-‐ray	  emission:	  
"  It	  is	  not	  a	  deficiency	  on	  the	  part	  of	  any	  GRB	  detector,	  simply	  a	  fact	  that	  the	  

beaming	  reduces	  the	  number	  of	  observable	  events	  by	  more	  than	  two	  
orders	  of	  magnitude.	  	  

"  Pop	  III	  GRBs	  could	  be	  at	  the	  end	  more	  easily	  detected	  by	  their	  isotropic	  
emissions	  (i.e.	  orphan	  aDerglows)	  rather	  than	  by	  their	  prompt	  emissions	  
(Macpherson	  et	  al.	  2013).	  	  

Prospect	  in	  the	  SVOM	  era 


