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Renormalizing large-scale
structure perturbation theory:
practical and fun
(renormalizing galaxy bias)
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LSS 1s a growth industry

 SDSS Luminous Red Galaxies have probed
~1 Gpc/h
* The Universe at z<5 contains ~700 Gpc/h!

* Lots more volume at higher z, which we
might be able to see through 21cm.
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WMAP CMB map (anisotropies in the 2.7 K

cosmic microwave background, mapping the density
fluctuations at z~1100 - the best cosmological probe)
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Future surveys

e SDSS III, 10000 sq. deg., LRGs to z~0.7,
BAO scale to 1% (in two z bins)

* Proposed JDEM ADEPT: z=1-2 with

28600 sq. deg. Covering ~110 cubic
Gpc/h

« European SPACE mission similar
- Chang et al. 21cm z=0-2.5




Basic picture of LSS

Inflation (or whatever) predicts a spectrum of
small perturbations

We measure these while they are still small using
the CMB

The fluctuations continue to grow, becoming large
(non-linear) starting at small scales, galaxies form,
elc.

On large scales, fluctuatidns are still close to linear,
and we measure them by observing galaxies (or
other things) which trace mass.




SDSS Galaxy map




Motivation for precision measurements
of the galaxy (or other) power spectra.

Dark energy through baryonic acoustic
oscillations (BAO) has been a big focus lately, but
older reasons haven’t gone away...

Measurement of the turnover scale gives
Omega_m h.

Neutrino masses.

Inflation through the shape of the primordial
power spectrum.

Non-Gaussianity .
Modified gravity, etc., etc.
Generally fits together w1th other constraints (e g




Observational
Motivation:

* Galaxies/BAO
e Lya forest

Non-linear power spectrum
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SDSS-2dF P(k) comparison

+ “Bias” just means
generally the differences
between galaxy density
and mass density.

« The difference between
non-linear and linear mass
density Is also an issue.

« On relevant scales, linear
bias (galaxy density
» proportional to mass
density) is not sufficient.

1 Mpe?

O a Hik)

-

Sanchez et al (2007)
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SDSS-2dF P(k) comparison

» “Bias” just means
/b Mpe- generally the differences
i e between galaxy density
and mass density.

« The difference between
non-linear and linear mass
density is also an issue.

“’*,' | « On relevant scales, linear
. e bias (galaxy density

Rl "%, . proportional to mass

15 L density) is not sufficient.

Plk)/h"* Mp¢
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Commonly used: Q “model”

14+ QK

(k) = =Py (k)

Cole et al. (2005)

A=1.7, Q=9 .6 (real space)
A=14,Q=40 (redshift space) from semi-analytic models.
Not clear how general, often marginalize over Q but not A

Supposed to account for both ngp-lineanties in mass power
and non-linear bias.

Not clear why this i1s used when many of the users themselves

have better halo-based models. Maybe it is good enough for now.
2l A
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SDSS-2dF P(k) comparison
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generally the differences
between galaxy density
and mass density.

« The difference between
non-linear and linear mass
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SDSS-2dF P(k) comparison

- “Bias” just means
generally the differences
between galaxy density
and mass density.

 The difference between
non-linear and linear mass
density Is also an issue.

« On relevant scales, linear
bias (galaxy density
» proportional to mass
density) is not sufficient.

log,o P(k)/ W= Mpe?

og,s kK/h Mpe

Sanchez et al (2007)
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SDSS-2dF P(k) comparison
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SDSS-2dF P(k) comparison
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SDSS-2dF P(k) comparison

- “Bias” just means
s generally the differences
T T between galaxy density
and mass density.

« The difference between
non-linear and linear mass
density Is also an issue.

» On relevant scales, linear
| by bias (galaxy density

e "%, proportional to mass
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Commonly used: Q “model”

1+ QFk°

g(k) = ek Pr(k)

Cole et al. (2005)

A=1.7, Q=9.6 (real space)
A=14,Q=40 (redshift space) from semi-analytic models.
Not clear how general, often marginalize over Q but not A

Supposed to account for both ngp-lineanties in mass power
and non-linear bias.

Not clear why this is used when many of the users themselves

have better halo-based models. Maybe 1t is good enough for now.
sl AW




Driving motivation:

* In order to achieve the goals of future (or
even current) giant large-scale structure
surveys we need precise, reliable
calculations of the observable statistics, e.g.,
the galaxy power spectrum, which include a

means to marginalize over uncertainties in
N
the model.




Two approaches to modeling

galaxy clustering:

* Halo model 1s a bottom up approach: take one
fundamental thing that we know about individual galaxies
- that they live in dark matter halos - and use this to predict
large-scale clustering. There has been a lot of work on this
and I'm not saying there’s anything wrong with it.

* Perturbation theory 1s a top down approach: start with the
fact that perturbations are small on very large scales,
suggesting a Taylor series, and sweep small-scale details
under the rug as much as posgible. Less work so far.

ﬁ 07110076 Page 24/60




For most of my career [ would have said PT was a
curiosity, not very relevant to interpreting real
observations, so why am [ working on it now?

 Criticism: It just doesn’t work very well.

— Response: Renormalization methods can fix that.

* Even to the extent that it does, it doesn’t extend the range of
scales accurately predicted very far.

— The range where it helps is cntical for BAO.

— Higher precision data means a wider range where beyond-
linear PT 1s both necessary and accurate (1.e., corrections can
be very important. while still being small).

* The equations you're solving are;mcomplete (single-stream
approximation).

— It isn’t clear that this 1s significant on relevant scales, but, to
the extent that it 1s, we can fix it using RG methods.
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Bias of tracers ocbonald 2006)

(most of the base calculations in Heavens. Matarrese ., & Verde. 1998. without the
renormalization IIIICi'[.‘I'CE;iilxﬁill
Naive perturbation theory: tracer density 1s a Taylor series in

mass density perturbation (local for now):

: 1 1
pq(8) = po +po 8+ 5pg 0° + =pi 07 + ..

To make sense, higher order terms should decrease in size.
Trivial warm-up: compute the mean density of galaxies:

1 i
(pg) = Po + 5”3 6%) + ...

2nd term 1s ~divergent (maybe not literally infinite, depending
on the power spectrum, but certaLnJy large)

Not a problem. Eliminate the “bare” Taylor series parameter
in favor of a parameter for the observed mean density of

galaxies. L g 2
ﬁonloom N p g - p 0 + 5 0 o R 2




pa(8) = py +po 6 + =py (62 —0®) + =p

The mean density is a trivial example, leads to nothing new.
Now move to fluctuations:

) =1 | N L R
0, (0) = Pg () — = 10 + —C3 (02 - 02) RPN o W
Py - 6

Correlation function:

&g (IXa —Xb|) =&’ = (0ﬂ°b> =
<5 Ob) 5 2 6163 <0 53> = 3 -(32 (<5§O§> = 0'4) + €12 <5ﬂ5§> o e

(assuming 4th order terms Gaussian):

" M
5;16 = ¢{€ab + 1630 Eap + 503562.1, + c1¢2 (846 )

Going to absorb divergent part into observable linear bias, but not
Ws& another piece comes from the cubic term. page 20




Standard perturbation theory for gravitational

Evolution equations: collapse:

gf' I [(]‘ + ‘5) V] — ()  Continuity
o FHv + (V : V) - = _V¢ Euler
ot

v2¢) — 417G (12[3 0  Poisson
Write density (and velocity) gs a senies of (ideally) increasingly

-

small terms, §,, is of order 47
0 =01+ 00+ 03+ ...
W\re evolution equations iteratively




Density in standard PT

e = 61(K) + [ £96,(q)di(k — q) S (a. k — q) +

(2x)>

/ [I;_q,i {d;fl‘ 51(q1)d1(q2)d1(k — q1 — q2)Js (q1.92.k — q1 — q2) + ...

* Now have non-linear density field in terms
of the original Gaussian fluctuations, so it 1s
easy to evaluate statistics.

k
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Moving to the galaxy power spectrum, and using 2nd order
perturbation theory for the cubic term:

(l'\)— [l"I +l"l(‘1fT"+ (‘lf}ﬂ']P(lfi)"F
,{;. I —'LLP,[ (q)Pr(lk —q|) + )(lfjj %?1 L(q)Pr(lk — q{) S (q k—q)+..

The red integral has a badly behaved part. Constant as k->0 so it
looks like shot-noise. Absorb the constant part into a free-
parameter for the observable shot-noise power (preserve linear
bias+shot noise model on large scales):

1 d’q
N=No+ 58 [ GoaPi@
68
h? = cl L N | —2*1010202

C2

by =
b 1 Page 30/60
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Final result:

P,(k) =N +
b [P(k) + 2 [ 2% P.(q) [P (& —ql) — Pr(q)] +2b2 | 2% Py (q) Pr(k —q) I (q-k-q}]

Started with 4-5+ parameters:

Pos Po: Pos Po - No, and messy cutoffs

Now have only 4, with much more cleanly separated effects:

ﬁg& bla 527 and N

L3
(reiterate: Heavens. Matarrese. & Verde. 1998 did most of this
calculation already. including recognizing the generation of
“effective bias and shot-noise)

ﬂ 071ii076 b Page 31/60




Effect of 2nd order bias 1n
renormalized PT

Black, green, red:

1.4

fundamental 2nd order
bias effect. for labeled
| values.
f; Blue: BAO effect. in
= I linear theory (dotted),
k% and RGPT (solid)
08 ;
1-0.15
Y
@ 07110076 k [hf“w] Page 32/60




Final result:

,Py [k} =N 4
63 [P (k) + % [ £3%PL(q) [P (k—al) - Pe(g)] +2b2 [ =% PL(q) P (k—a) IS (a.k - q)]

Started with 4-5+ parameters:

Pos Pos Pos Po - No, and messy cutoffs

Now have only 4, with much more cleanly separated effects:
ﬁga bl ’ bZa and N

L3
(reiterate: Heavens. Matarrese. & Verde. 1998 did most of this

calculation already. including recognizing the generation of
“effective bias™ and shot-noise)
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Effect of 2nd order bias in
renormalized PT

1.4

1.2 -

(Pyut=N)/F Prreas
]

08

Y
k [h/Mpc]

4-0.15

Black, green, red:
fundamental 2nd order
bias effect. for labeled

values.

Blue: BAO effect. in
linear theory (dotted),
and RGPT (sohid)
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Final result:

P,(k) =N +
63 [P (k) + % [ £3%Pe(9) [P (k—al) - Pr(g)] +2b2 [ 2% Pr(q) Pr (k—a) IS (a.k - q)]

Started with 4-5+ parameters:

Pos Pos Po- Po+ No, and messy cutoffs

Now have only 4, with much more cleanly separated effects:

ﬁgv blv 527 and N

L3
(reiterate: Heavens. Matarrese. & Verde. 1998 did most of this
calculation already. including recognizing the generation of
“effective bias™ and shot-noise)
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Eftect of 2nd order bias in
renormalized PT

Black, green, red:
fundamental 2nd order
bias effect. for labeled

1.4

LR '_ values.

i | ;
i, Blue: BAO effect, in
S F linear theory (dotted).
%% and RGPT (solid)

08

4-0.15
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Effect of high-k power

1.4 r

1.3

09

0.1
lisa 07110076 k [h/Mpc]
sl A

Standard calculation
(solid) uses RG power to
evaluate the bias
integrals.

Dashed uses linear
power.

Dotted shows the effect
of 2 Mpc/h rms Gaussian
smoothing (smoothing to
control the Taylor series
isn’t a good option).

age 37/60



What about galaxy-mass correlation?
1 1
(825°) = 1 (8a0) + 5C2 (0a05) + =€3(3a0) + -..

Modified bias, consistent with the previous redefinition.
No shot-noise.

1 34
by =c; + 5(:302 | 21(:202

Same redefinitions also work for bispectrum.
Can easily add cross-correlations between different types of
galaxy.

Page 38/60
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Toward a completely general model...

* The only other vanable in standard PT is the velocity
divergence: # = —H 'V - v
— In linear theory there 1s no point in including it in the
bias model because # = ¢ but this isn’t true at higher
orders.

— Including # — 0 in the Taylor series for bias adds one
new free parameter (work with Arabindo Roy).

 But then we could start adding things like V2§ .

etc., to the model, with new free parameters.

* Also, what if the galaxy-mass relation isn’t
perfectly local?

Page 39/60




Non-local model (derivative expansion)

* (Galaxy density depends on mass density ~everywhere.

dg (x) = f [0 (x')]

e First Taylor expand in delta
= f[0] + /dx' K(x—x"|)é((x')+...

* Then shift the integration variable and do a spatial expansion

[d_\xx K (|]Ax|) 4 (x + Ax) =fu'_‘tx K (|Ax]) [Hxl—l- }Qixl_\r

::i[xl/:foh'ﬂ Axi W+

= b

8, (x} =1 [6 (x) 4

ﬁ 07110076

dd (x)

dr,

iar

f\\l\_\x ) Axr, —-——u( s
2 dr,dr,

O (1)

1 d°%8
2dr;dx;

(x) Ax,Ax; + w

fff_\x K (|Ax|) Ax; Ax;j-...

=b R2 5,; O(1)

R Vzé(x)] + ...
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Non-local model (derivative expansion)

* (Galaxy density depends on mass density ~everywhere.
= f[0(x)]
* First Taylor expand in delta
= f[0] + /dx' K(x—x"|)é(x') +

* Then shift the integration variable and do a spatial expansion

) y
[ff_‘txh'{i_‘\xi}rjtx+_\x}:/cu.xﬁ‘:'_\xp d(x) + _I—ix,_\; u..f &°5
drx; 2drdx;

d
:;Hxl/rfoh'ﬂ_\x ‘“”"/\J\_\xa_\; l’j ;x}frf_\‘.xh'i_‘\x'llr._‘x.r,+___
dr.dzr,

=b =b R? §;; O(1)
0y (x) =b [5 (x) 4 O;”RQ \Var) (x)] -

ﬁ 07110076
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Non-local model (derivative expansion)

¢ (Galaxy density depends on mass density ~everywhere.
dg (x) = f [0 (x')]
e First Taylor expand in delta
= f[0] + /dx' K(x—x"|)é((x')+...

 Then shift the integration variable and do a spatial expansion

j 25
/d_\.xh‘{f_\ximﬁ_\x; =fd_u K (|Axi) [J;x. + }I_‘{x;;;, e

dx; 2drdr,

(x) Az, Ax; + ‘{

1 )
:filx]fd_\xh'#_‘ix +(Mx’/rf._‘k 'l.lxii._\,r,+lff lx,/rf_\xﬁ'{_\xl_\f,_\.rjm-___

— 0 =bR25,; O(1)
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Result 1s an expansion in the non-locality scale R
over the scale you're observing, 1/k

b, (k) =b|1 OU)RW (k) + ...

P, (k) = b2 [1 E Bszsz] P(k)+...

* What looked like it might be a nightmare of new parameters
tums out to be remarkably simple!

* For a reasonable R~1 Mpc/h. correction 1s ~4% at k=0.2
h/Mpc.

* R depends on real physics of galaxy formation - should study
with simulations/semi-analytic models.

ﬁ 07110076
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Future directions

* Cosmological parameter estimation.

e Comparison to simulations.

* Finish generalizing the model.

* Redshift-space (easy if no velocity bias)

* Dynamic model?

— Make a copy of the mass density evolution equations to

describe galaxy density evolution, and add something like
pg = f(p)
to describe galaxy formation. This kind of this has been

considered before. but now we have new tools (RG) to deal
with it.

Page 47/60
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Non-local model (derivative expansion)

* (Galaxy density depends on mass density ~everywhere.

dg (x) = f [0 (x')]

e First Taylor expand in delta
= f 0] + /dx' K (lx—x'|)d(x") +

* Then shift the integration variable and do a spatial expansion

/d_‘uxh‘{"_\xihi[x+_\x}=fd_\x!{[ _‘\xl['t{xH- —:—-{x Ar,

::ilxlfrfjxh't Ax

=}

& (x) =18 [5 (x) 4

ﬁ 07110076

d!tx:

ar

1 d=d (x)
Ax| _\_r+—
/\J\ ! 2 dxr,dr,

1 4%
2dr,dr;

(=) Az x4 ..

fff_\x K (|Ax|) Az,Az ..

=b R2 5,; O(1)

Oél) R2 V25(x)] T
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Result 1s an expansion in the non-locality scale R
over the scale you're observing, 1/k

by (k) =01 O(I)RQkQ 6 (k) + ...

P, (k) = b2 [1 - b R2K2| P (k) + ...

* What looked like 1t might be a nightmare of new parameters
turns out to be remarkably simple!

* For areasonable R~1 Mpc/h, correction is ~4% at k=0.2
h/Mpc.

* R depends on real physics of galaxy formation - should study
with simulations/semi-analytic models.

ﬁ 07110076
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Future directions

* Cosmological parameter estimation.

e Comparison to simulations.

* Finish generalizing the model.

e Redshift-space (easy if no velocity bias)
* Dynamic model?

— Make a copy of the mass density evolution equations to
describe galaxy density evolution, and add something like
pg = fF(p)
to describe galaxy formation. This kind of this has been

considered before. but now we have new tools (RG) to deal
with it.
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