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Why cross-correlations?

Study clustering of sparse systems (DLAs, 
metal absorbers, anything you give me...)

Quasar radiation models

Cosmology!
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Cross-correlation 
(measurement)

Ly α Forest bias 
(known)

Density  correlations 
(known)

DLA bias 
(main result)

On large scales :

Monday, July 1, 13



Clustering of sparse systems

Linear bias   --->   Host halo mass
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DLA x LyaF
~ 10% of BOSS spectra have a DLA
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DLA x LyaF

Lots of small DLAs ? 

~ 10% of BOSS spectra have a DLA
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DLA x LyaF

Lots of small DLAs ? Few huge DLAs ?

~ 10% of BOSS spectra have a DLA
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DLA x LyaF
DR9 DLA Catalogue (Noterdaeme++ 2012)

DR9 DLA Catalog :   
> 8000 systems

 20 < log(N) < 22
CNR > 4

DR9 LyaF Catalog :   
> 60000 “good” spectra

 2.1 < z < 3.5
Cross-Correlate
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DLA x LyaF

Yes, we include sub-DLAs

DR9 DLA Catalogue (Noterdaeme++ 2012)

DR9 DLA Catalog :   
> 8000 systems

 20 < log(N) < 22
CNR > 4

DR9 LyaF Catalog :   
> 60000 “good” spectra

 2.1 < z < 3.5
Cross-Correlate
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DLA x LyaF
CHAPTER 5: CROSSCORRELATING THE LYMAN-� FOREST

The crosscorrelation of the Ly� absorption field F(x) = F̄ [1 + ⇥F(x)] with any field of

objects (galaxies, quasars, DLAs, etc.) g(x) = ḡ
�
1 + ⇥g(x)

⇥
.

We define the crosscorrelation function as

⇤Fg(r) =
⇤
⇥g(x) ⇥F(x + r)

⌅
, (5.3.1)

or equivalently,

⇥F(x) g(x + r)⇤ = F̄ ḡ
�
1 + ⇤Fg(r)

⇥
. (5.3.2)

Because the galaxy field g(x) can only take the values 0 or 1, the crosscorrelation of this

field with any other field will be

⇥g(x) F(x + r)⇤ = ḡ ⇥F(r)⇤g , (5.3.3)

and

⇤gF(r) =
⇤
⇥g(x) ⇥F(x + r)

⌅
= ⇥⇥F(r)⇤g , (5.3.4)

where ⇥X(r)⇤g is the average of any field X over pixels at a distance r from a galaxy.

5.3.1 Weighted Measurement and Covariances

Here we present a simple method to estimate the crosscorrelation of Ly� absorption

with any kind of galaxies, based on the technique described above.

One can estimate the crosscorrelation in a bin rA with a weighted average of ⇥F in all

pixels at a separation from a galaxy that lies inside the bin:

ˆ⇤A =
�i�A wi ⇥Fi

�i�A wi
. (5.3.5)

For instance one can weight the pixels with the inverse of the total variance in each

pixel, taking into account both the noise variance and the intrinsic Ly� fluctuations, as

suggested by McQuinn and White (2011).

If the bins were infinitely thin (so ri = rA for all pixels in the bin) it is easy to show that

the estimate is unbiased,

⇤ ˆ⇤A
⌅
=

�i�A wi ⇥⇥Fi⇤g

�i�A wi
= ⇤gF(rA) . (5.3.6)

The covariance of the measurement in two bins A and B will be

⇤ ˆ⇤A ⇤̂B
⌅
=

�i�A �j�B wi wj
⇤
⇥Fi ⇥Fj

⌅
g

�i�A wi �j�B wj
=

�i�A �j�B wi wj Cij

�i�A wi �j�B wj
, (5.3.7)

where Cij is the correlation of pixels i and j, and can be computed from the data itself.
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DLA x LyaF
128 correlated bins

up to 60 Mpc/h
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DLA x LyaF
128 correlated bins

up to 60 Mpc/h
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DLA x LyaF

bD = 2.17± 0.20DLA linear bias measured

Well described by linear theory + Kaiser RSD
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DLA x LyaF

Bias measurement is robust 

Small dependence on !_F

If the purity of the catalogue was low, 
the true bias would be even higher

Monday, July 1, 13



DLA x LyaF

bD(z) =

R1
0 dM n(M, z)�(M, z)bh(M, z)

R1
0 dM n(M, z)�(M, z)

bD = 2.17± 0.20

a mean bias factor bD ! 1.35, which is ruled out by our measurement at more than the 3σ
level if βF > 1. Even if βF = 0.6 their model is ruled out at a confidence level of 2.5σ.

Note that the models need to predict only the average DLA cross section as a function
of the halo mass, because the mean DLA bias does not depend on the scatter of the cross
section for a fixed halo mass.

5.2 Constraints on the cross sections from the rate of incidence

The most recent determination of the rate of DLA incidence using the BOSS 9th Data Release
shows that a fraction 0.226 ± 0.005 of the sky is covered by a DLA with NHI > 1020.3 cm−2

in the redshift range 2 < z < 3, as derived from the column density distribution in table 1 of
[26] (the error quoted here is only the statistical one obtained from the same table, and does
not include the systematic error due to corrections for incompleteness and impurity). This
corresponds to a rate of incidence per unit of absorption pathlength, dχ = (1+z)2H0/H(z) dz,
equal to 0.066 ± 0.002, which we assume to be constant with redshift This observed rate of
incidence fixes a required normalization of the relation of the DLA cross section and halo
mass for any model.

We consider here a few examples and examine the value of the physical cross section
Σ at the characteristic halo mass Mh = 1012 M" to illustrate the typical implications of the
observed rate of incidence and bias factor of DLAs:

1. A model with α = 1 and Mmin = 109 M", which produces a bias bD = 1.8, requires
Σ(M = 1012 M") = 1400 kpc2 to match the observed incidence rate. This is a factor of
two larger than the cross section in the Q5 model of [47], and a factor 1.5 larger than
the prediction of the momentum-driven wind model of [51].

2. A model with equation (5.2), with α = 1 and M0 = 1010 M", matches our observed
bias for Σ(M = 1012 M") = 2400 kpc2.

3. A model with equation (5.2), with α = 0.5, needs an increased M0 = 3 × 1011 M" to
match the observed bias, and then requires Σ(M = 1012 M") = 4400 kpc2.

This illustrative example shows that the measured DLA bias factor can be matched either by
an extended DLA host halo distribution with α > 1 and a low mass cutoff, or with a narrower
range of halos around the characteristic mass of 1012 M". A more extended distribution of
halo mass reduces the required cross section because the rate of incidence is accounted for
by a wider range of halo masses.

5.3 Consequences for the nature of DLAs

Generally, the models of DLAs discussed in the literature based on hydrodynamic simulations
of structure formation fail to correctly predict the properties of DLAs for a common reason:
the cross sections they predict for massive halos (M ! 1012 M") are too small. The models
that come closest to matching the observations are the Q5 model of strong winds in [47],
which still predicts a rate of incidence and a baryonic content of DLAs that is a factor of 2
below the observed ones, and the momentum-driven wind model of [51], which with α = 0.92

– 28 –
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QSO x LyaF
Quasar auto-correlation already measured (White++ 2012) 

b_q = 3.5 M > 10^12 M_sun
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QSO x LyaF

Better measurement of quasar bias

Redshift quasar errors

Quasar radiation models
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QSO x LyaF
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QSO x LyaF

Linear theory beautifully fitted on large scales (r > 15 Mpc/h)

Bias parameter consistent with quasar clustering

Systematic offset in quasar redshift ( ~ 150 km/s too low)

Monday, July 1, 13



QSO x LyaF

All quasar redshift estimators are biased !!!
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QSO x LyaF

All quasar redshift estimators are biased !!!

However: might be correlated with quasar radiation models
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QSO x LyaF
Once we have a good handle on clustering, 

we can look at quasar radiation effects

3D cross-correlation 1D proximity effect
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QSO x LyaF
Once we have a good handle on clustering, 

we can look at quasar radiation effects

3D cross-correlation 1D proximity effect

However: redshift errors, non-linear clustering...
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BAO in cross-correlation

CHAPTER 5: CROSSCORRELATING THE LYMAN-� FOREST

Again, in the linear regime we can relate the crosscorrelation power spectrum with the

linear power spectrum PL(k) using the linear bias parameters defined above,

PgF(k) = bg
�
1 + ⇥gµ2

k
⇥

bF
�
1 + ⇥Fµ2

k
⇥

PL(k) . (5.2.12)

McQuinn and White (2011) showed that the variance in the measurement of the cross-

correlation can be approximated by

var
�
PgF(k, µk)

⇥
= PgF(k, µk)

2 +
⇤

Pg(k, µk) + n�1
g

⌅ ⇤
PF(k, µk) + P1D(kµk) n�1

e f f

⌅
.

(5.2.13)

In this approximation, the expected S/N in a bin of (k,µk) can be approximated by
⇧

S
N

⌃2

Fg
= Nk

P2
gF(k, µk)

PgF(k, µk)2 +
⇤

Pg(k, µk) + n�1
g

⌅ ⇤
PF(k, µk) + P1D(kµk) n�1

e f f

⌅ . (5.2.14)

Expected values for the BOSS survey

Here we quantify the previous results for the case of a spectroscopic survey with prop-

erties similar as the BOSS survey. As an example of crosscorrelation, we compute the

cases of the quasar-Ly� and DLA-Ly� crosscorrelations.

The BOSS survey have an area of A = 104 deg2, or roughly A = 5 ⇥ 107(h�1Mpc)2,

with a depth of L ⇤ 10 ⇥ 103 h�1 Mpc and an effective density of lines of sight ne f f ⇤
3 ⇥ 1�4( h�1 Mpc)�2 (McQuinn and White, 2011).

For the Ly� power spectrum we use the linear bias parameters measured in numerical

simulations in McDonald (2003), bF = �0.1315 and ⇥F = 1.58, both measured at z =

2.25.

We assume quasars have a bias of bg = 3, while DLAs have smaller bias bg = 1.5. We

also assume a quasar density of ng = 10�1( h�1 Mpc)�3 and that we detect a DLA in

10% of the lines of sight.

In figure 5.1 we show the S/N estimation for (from top to bottom) the Ly� autocorre-

lation, quasar-Ly� crosscorrelation, quasar autocorrelation, DLA-Ly� crosscorrelation

and DLA autocorrelation, for the values mentioned above. We can see that the S/N of

the galaxy-Ly� crosscorrelation is higher than the galaxy autocorrelation, both for the

cases of DLAs and quasars.

The linear bias model assumed in this computations breaks down at relatively small

values of k and one should restrict to a maximum value kmax. One could model a non-

linear correction and calibrate it in numerical simulations in order to push the limit to

higher values of k.

62

Fisher forecast for BOSS

Cross-correlation only a 
factor ~ 2 worst than LyaF 

auto-correlation

More sensitive to 
transverse clustering

CHAPTER 5: CROSSCORRELATING THE LYMAN-� FOREST

Again, in the linear regime we can relate the crosscorrelation power spectrum with the

linear power spectrum PL(k) using the linear bias parameters defined above,

PgF(k) = bg
�
1 + ⇥gµ2

k
⇥

bF
�
1 + ⇥Fµ2

k
⇥

PL(k) . (5.2.12)

McQuinn and White (2011) showed that the variance in the measurement of the cross-

correlation can be approximated by

var
�
PgF(k, µk)

⇥
= PgF(k, µk)

2 +
⇤

Pg(k, µk) + n�1
g

⌅ ⇤
PF(k, µk) + P1D(kµk) n�1

e f f

⌅
.

(5.2.13)

In this approximation, the expected S/N in a bin of (k,µk) can be approximated by
⇧

S
N

⌃2

Fg
= Nk

P2
gF(k, µk)

PgF(k, µk)2 +
⇤

Pg(k, µk) + n�1
g

⌅ ⇤
PF(k, µk) + P1D(kµk) n�1

e f f

⌅ . (5.2.14)

Expected values for the BOSS survey

Here we quantify the previous results for the case of a spectroscopic survey with prop-

erties similar as the BOSS survey. As an example of crosscorrelation, we compute the

cases of the quasar-Ly� and DLA-Ly� crosscorrelations.

The BOSS survey have an area of A = 104 deg2, or roughly A = 5 ⇥ 107(h�1Mpc)2,

with a depth of L ⇤ 10 ⇥ 103 h�1 Mpc and an effective density of lines of sight ne f f ⇤
3 ⇥ 1�4( h�1 Mpc)�2 (McQuinn and White, 2011).

For the Ly� power spectrum we use the linear bias parameters measured in numerical

simulations in McDonald (2003), bF = �0.1315 and ⇥F = 1.58, both measured at z =

2.25.

We assume quasars have a bias of bg = 3, while DLAs have smaller bias bg = 1.5. We

also assume a quasar density of ng = 10�1( h�1 Mpc)�3 and that we detect a DLA in

10% of the lines of sight.

In figure 5.1 we show the S/N estimation for (from top to bottom) the Ly� autocorre-

lation, quasar-Ly� crosscorrelation, quasar autocorrelation, DLA-Ly� crosscorrelation

and DLA autocorrelation, for the values mentioned above. We can see that the S/N of

the galaxy-Ly� crosscorrelation is higher than the galaxy autocorrelation, both for the

cases of DLAs and quasars.

The linear bias model assumed in this computations breaks down at relatively small

values of k and one should restrict to a maximum value kmax. One could model a non-

linear correction and calibrate it in numerical simulations in order to push the limit to

higher values of k.
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BAO in cross-correlation

CHAPTER 5: CROSSCORRELATING THE LYMAN-� FOREST

Again, in the linear regime we can relate the crosscorrelation power spectrum with the

linear power spectrum PL(k) using the linear bias parameters defined above,

PgF(k) = bg
�
1 + ⇥gµ2

k
⇥

bF
�
1 + ⇥Fµ2

k
⇥

PL(k) . (5.2.12)

McQuinn and White (2011) showed that the variance in the measurement of the cross-

correlation can be approximated by
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⌅
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simulations in McDonald (2003), bF = �0.1315 and ⇥F = 1.58, both measured at z =

2.25.

We assume quasars have a bias of bg = 3, while DLAs have smaller bias bg = 1.5. We

also assume a quasar density of ng = 10�1( h�1 Mpc)�3 and that we detect a DLA in
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In figure 5.1 we show the S/N estimation for (from top to bottom) the Ly� autocorre-

lation, quasar-Ly� crosscorrelation, quasar autocorrelation, DLA-Ly� crosscorrelation

and DLA autocorrelation, for the values mentioned above. We can see that the S/N of

the galaxy-Ly� crosscorrelation is higher than the galaxy autocorrelation, both for the

cases of DLAs and quasars.

The linear bias model assumed in this computations breaks down at relatively small

values of k and one should restrict to a maximum value kmax. One could model a non-

linear correction and calibrate it in numerical simulations in order to push the limit to

higher values of k.
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also assume a quasar density of ng = 10�1( h�1 Mpc)�3 and that we detect a DLA in
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and DLA autocorrelation, for the values mentioned above. We can see that the S/N of

the galaxy-Ly� crosscorrelation is higher than the galaxy autocorrelation, both for the

cases of DLAs and quasars.

The linear bias model assumed in this computations breaks down at relatively small

values of k and one should restrict to a maximum value kmax. One could model a non-

linear correction and calibrate it in numerical simulations in order to push the limit to

higher values of k.
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BAO in cross-correlation
" = 35 Mpc/h " = 55 Mpc/h

" = 115 Mpc/h" = 95 Mpc/h

512 strongly correlated points

Monday, July 1, 13



BAO in cross-correlation
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BAO in cross-correlation
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BAO in cross-correlation

PRELIMINARY
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BAO in cross-correlation
4% uncertainties on both BAO scales
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BAO in cross-correlation
4% uncertainties on both BAO scales

Results robust under changes of:

Broad band distortion models

Continuum fitting method

Red / Blue forest (lr <  > 1140 A) 

Error estimate (bootstrap errors) 

Separation fitting range

mu > 0 , mu < 0
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BAO in cross-correlation

LyaF BAO from DR9 
(Slosar++ 2013)

LyaF BAO from DR11 
(Font-Ribera++, in prep)
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BAO in cross-correlation

LyaF BAO from DR9 
(Slosar++ 2013)

LyaF BAO from DR11 
(Font-Ribera++, in prep)
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BAO in cross-correlation

LyaF BAO from DR9 
(Slosar++ 2013)

LyaF BAO from DR11 
(Font-Ribera++, in prep)

We are NOT dominated 
by cosmic variance, but 
it is a good question and 

we are looking at it
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BAO in cross-correlation

We do not use multipoles 
at any stage of our analysis

But people want to “see” the peak...
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BAO in cross-correlation

We do not use multipoles 
at any stage of our analysis

But people want to “see” the peak...
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Summary

b_D = 2   ---> models / sims should look at it ! 

Room for improving QSO redshift

QSO radiation models can be constrained

Cosmology from QSO-LyaF cross-correlation 
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